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What is life? 
It is the flash of a firefly in the night. It is the breath of a buffalo in the wintertime. It is the little 
shadow which runs across the grass and losses itself in the sunset.
Blackfoot
 
1Chapter 1
Introduction
21.1. Bio-based Economy
The term ‘bio-based economy’ relates to the transformation of biomass resources into
energy and bio-refinery. Due to the recent improvements in bio-based technologies, worldwide
bio-based chemical and polymer production (excluding biofuels) has already increased to 50
million tons making 10% of the global production of chemicals (KBBPPS, 2013; IEA Bioenergy,
2012). Several countries such as China, USA, Canada and The Netherlands already declared that
they are ambitious to replace even 25 - 30 % of petroleum based chemicals with bio-based
alternatives by 2030 (Patel et al., 2006; IEA Bioenergy, 2012). This indicates that biomass is
becoming a very important resource for the large-scale production of a broad spectrum of non-
food chemical products such as plastics, paints and constructing materials (Koops et al., 2012).
The biggest challenge for a bio-based economy is to provide sufficient and stable
feedstock. Around 73 % of the biomass worldwide is used for food and feed production (Bos-
brouwers, et al., 2012). It is inevitable that the demand for food and feed will even increase more
with the growing global population. Establishing a stable bio-based economy while keeping a
sufficient food supply, will require on the one hand efficient use of limited natural biomass
resources and on the other hand improved technologies for waste recycling. Both are becoming
key issues for the bio-based economy. (Ostergard et al., 2012). The latter is the main concept of
this thesis.
1.2. Carboxylate platform in the bio-based economy
In bio-refinery concept, there are three main platforms used to convert biomass into
valuable products (Figure 1.1). These platforms are syngas platform, sugar platform and 
carboxylate platform. In syngas platform organics are gasified by thermochemical processes into
CO2, CO, H2 and H2O. The resulting gases are later used in secondary processes to produce
3alcohols or other valuable products. Hydrogen gas can be used as direct energy source after
purification. In sugar platform biomass is hydrolyzed to sugars for example by using acids or
enzyme catalysts. Sugar can then be further fermented for production of valuable compounds such
as specialty chemicals like lubricants, food ingredients (e.g. enzymes), health products (e.g.
penicillin) and bulk chemicals (e.g. acids and alcohols).
Figure 1.1. Bio-refinery platform concept and possible intermediate and end products. Modified from
(Danner & Braun, 1999; Cherubini et al., 2009).
‘Carboxylate platform’ concept is based on the principle of acidification (fermentation).
Biomass in the form of a mixture of carbohydrates, proteins and lipids is hydrolyzed to
corresponding monomers such as sugars, amino acids, long chain fatty acids and glycerol. These
monomers are converted into short chain carboxylates mainly consisting of acetate, propionate, n-
butyrate in varied concentrations and a small portion of valerate, n-caproate and ethanol by mixed
4culture fermentative organism. Together with carboxylates, H2 and CO2 gasses are produced in the
headspace. In anaerobic conditions, it is thermodynamically and kinetically more feasible that
organics are reduced to methane rather than to desired carboxylates. Hence, methane producers
needs to be inhibited strictly. Moreover the process needs to be steered to towards operational
conditions favoring acid production, e.g. pH below 6 and short retention times. Inhibition of
methane production, e.g. by 2-bromoethanesulphate or heat treatment can be either expensive or
toxic to environment. Yet, if one of these conditions fails, short chain carboxylates production is
limited by methane producers.
Principally, all three platforms use biomass to produce valuable products but the method
used in each platform differs in practice. Economics and efficiency determine which platform is
most suitable for which type of biomass. A comparison of three platforms was made by Holtzapple
& Granda, 2009 in which ‘ideal biomass’ defined as 68% polysaccharides and 32% lignin was
converted to ethanol. Lignin is not biologically reactive under anaerobic conditions and can only be
processed thermochemically. Polysaccharides can be processed thermochemically or biologically
under anaerobic conditions. These platforms were investigated according to aspects of efficiency
and conversion capacity in detail. Apparently the highest product yield among the three was
achieved in carboxylate platform where the conversion of biomass rounded up to 480 L
ethanol/ton ash free biomass. The yield in sugar platform was 314 L/ton and in syngas (or
thermochemical) platform was 302 L/ton. Furthermore, carboxylate platform proved less energy
intensive compared to the thermochemical platform and did not require septic conditions or
expensive enzymes like in sugar platform. These enzymes are naturally produced in the mixed
culture environment. Compared to sugar platform, carboxylate platform route also turned out to
be more tolerant to instabilities such as variable substrate composition and ion concentrations.
5The major advantage of carboxylate platform is elimination of expensive sterilization and
high investments in stainless steel fermenters. Hence, low grade, cheap and readily available
biomass can be cost effectively converted to short chain carboxylates.
Short chain carboxylates
Carboxylic acids or carboxylates are organic compounds which contains one or more 
carboxyl groups. According to the carbon number in the chain, they grouped as short (C2-C6), 
medium (C7-C12) and long (C13-C21) chain carboxylates. This thesis focuses on the production of 
short chain mono-carboxylates or so-called ‘fatty acids’, which are acetate, propionate and n-
butyrate. Short chain carboxylates are versatile bulk chemicals which can be directly used in 
industry or can be used as building blocks in several industrial applications such as production of 
dyes, textile, cosmetics, pesticides, pharmaceuticals, food additives, lubricants, resins, soap 
cleaning agents, plastics, surfactants, medium and long chain carboxylates and alcohols (Figure 
1.1).
1.3. Current carboxylate production applications and market
Today, petro-chemical processes are well-established and have so far always provided a
cheaper option to produce carboxylates compared to biological systems. This was mainly due to an
abundance of oil resources, leading to relatively low crude oil prices. However, achievable crude oil
extracted from conventional petroleum reservoirs is rapidly diminishing (Head, 2011). Moreover,
petroleum based sources create a serious threat for environment because of massive damage to
environment during extraction and an adverse impact on the global climate due to emission of
greenhouse gases (GHG) e.g. CO2, N2O. According to the last IPCC report (2013), the recorded
global mean temperature rise is 0.6?C/year and it will continue to rise over the 21st century if GHG
emissions continue unabated. It is known that only few degrees of warming causes a climate
6change, drinking water shortages, sea level rise, species reduction and many other adverse effects
in global (Hughes, 2000). The use of biomass as an oil-replacing feedstock could decrease the
negative impacts of global warming.
Table 1.1 shows the annual global production capacities and current prices of short chain
fatty acids. Despite the negative impacts, the majority of carboxylates is still produced from fossil
resources by chemical synthesis. Biological production of carboxylates is limited compared to
petrochemical production. Among the short chain carboxylates, biological production of acetate is
well established in industry though it still has a small market share. Almost all acetate produced by
biological fermentation is used for vinegar (food industry), polyethylene terephthalate (plastic),
vinyl acetate (additive for dye industry) and cellulose acetate (textile industry) production
(Wisbiorefine, 2009). For n-butyrate and propionate, bio-based production technologies are not in
pilot plant stage yet (Patel et al., 2006; Xu & Jiang et al., 2011).
Current acetate production is achieved by one step batch or fed-batch fermentation of
sugar based feedstock with pure culture under sterilized conditions. After fermentation, acetate is
harvested from fermentation by downstream application such as crystallization. Pure culture
processes are preferable in industry for two reasons. Firstly, they result in a single product at high
concentration and purity. Secondly, they can provide almost complete conversion of biomass. For
instance, biological acetate production in industry can generate product streams of 50 g/L with
90% purity and substrate conversion efficiency is 0.8-0.9 g acetate produced/g glucose consumed
(Rogers et al., 2006). The most important advantage of a high product yield and purity is that it
lowers the costly downstream processes.
7Table 1.1. Properties, annual market share of major short chain carboxylates after fermentation of
biomass
Chemical Molecular
Formula
pKa at
25 °C
Annual
market (Mt)
Biological
production in
market (Mt)
Market Price
(petrochemical)
(€/t)
Acetic acid C2H4O2 4.76 3.51 0.192 5003
Propionic acid C3H6O2 4.88 0.356 / 10006
n-Butyric acid C4H8O2 4.82 0.54 / 8005
1Yang et al., 2007
2Patel et al., 2006
3Tecnon OrbiChem, acetic acid fact sheet, 2013
4Straathof, 2014
5Zhu, 2003
6Icis, 2007
1.4. Carboxylates from organic waste streams
Carboxylates can be produced from a wide range of biomass resources: (1) plants from
agricultural areas e.g. corn, sugarcane; (2) plants grown in lands abandoned from agriculture e.g.
grasslands (3) crop residues e.g. corn stover, straw from rice, (4) forest residues e.g. wood, (5)
marine vegetation e.g. algae and (6) organic waste substances e.g. food waste, waste streams
from industrial organic processes (Tilman et al., 2009; Long, Li, Wang, & Jia, 2013).
Latest legislations about food security concerns has limited the bio-chemical and bio-fuel
production from food-competing feedstock (World Economic Forum, 2010). For suitable green
chemistry, it is desired to obtain feedstock from agricultural areas, not competing for food or feed
or grown solely for energy purposes and harvested sustainably (Brehmer, 2008). In this respect,
organic waste streams are the most suitable raw materials for the generation of industrial bulk
chemicals.
8Organic waste streams
Organic wastes are cheap, sometimes available at a gate fee. Unlike other biomass
resources, massive amounts of bio-waste is unconditionally produced on a daily basis, and it is
regionally available. Considering the increasing demand towards biomass and food security
requirements, and the lack of biomass in some regions, organic waste streams or bio-wastes are
excellent feedstock for fermentative production of carboxylic acids.
Organic fraction of municipal solid waste in Europe is 90 million tons each year (Siebert,
2013). Around 30% of the bio-waste in Europe is recycled for composting and the rest is disposed
on landfills. A small fraction of industrial organic waste and organic fraction of municipal solid
waste is treated by anaerobic digestion.
Food-related (together with kitchen) wastes represent around 64 % of bio-waste collected
daily. Food waste, as it has little fraction of lignocellulose content, can be very suitable for
fermentation (Zwart, 2013). Food wastes contain however a diverse composition of complex
polymers carbohydrates, proteins, lipids, fats and lignin. This, together with daily and seasonal
variations in the composition can be reflected as instability in the product spectrum. In this thesis,
food wastes collected from specific industrial activities was used as substrate, being rich in one
type of polymer and having a stable and constant composition throughout the year.
Another major challenge of using waste material is the high water content. The water
content of food and kitchen wastes reaches up to 80 %. This leads to a considerable amount of
energy needed for heating up the feed stream to the fermenter and concentrate the products.
91.5. Technological limitations of using organic waste 
Having feedstock with a complete sprectrum of polymers and solid particles makes it
necessary to use a diverse microbial community to achieve complete conversion of all polymers.
The mixed microbial communities survive in symbiotic relationship and can deal with complex
molecules separately by degrading them to harvest energy. Due to the complexity of mixed culture
environment, unfortunately it is difficult to predict the product types and concentrations in mixed
culture fermentation. The most expected reactions and end products from a fermentation of
glucose by mixed culture is presented in Figure 1.2.
The major problem is that the diversified composition of organic waste leads to a
combination of fermentation products in various amounts and in diluted concentrations. This
eventually turns into applying energy-intensive and costly downstream processing to concentrate
and purify the carboxylates. Thus, rather than obtaining a maximal total concentration of mixed
Box 1. Organic waste potential for short chain carboxylate demand 
Around 90 million tons of municipal solid waste collected every year in Europe is organic1. Organic 
waste collected from retail, food services and manufacturing contributes to 54 million tons2. This 
adds up to 144 million tons of fermentable waste available every year in European countries. 
Usually, conversion efficiency of mixed food waste to carboxylates is reported in literature around 
60% depending on protein and lipid concentration and availability of lignocelluloses types of 
polymers. If we assume 60% of the collected waste in Europe being converted to mixed 
carboxylates by biological fermentation this amounts to 86 million tons carboxylates. The dry 
matter of this waste type is often too high for continuous stirred fermentation, thus it should be
diluted with industrial wastewater or sewage. The total acetate, n-butyrate and propionate 
demand of the world is around 4.3 million tons (see Table 1.1). Around 5 % of the organic waste 
from Europe is sufficient to fulfill this demand with large amounts mixed short chain carboxylates. 
1European Compost Network, 2013   
2European Commission DG Health & Consumers, 2010
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products, the fermentation process needs to be tuned in such a way that a single product can be
generated in a maximal concentration. In this thesis this ‘tuning’ will be addressed by investigating
the impact of waste composition, concentration in the fermenter and the partial pressures and
types of headspace gases on the product concentration and spectrum.
At certain levels carboxylates in the fermenter can have inhibitory impact on the organisms. 
The toxic effect of products, the competition for carbon and electron sources and the continuous 
intermediate conversion reactions inside and outside the cell lowers the final product concentration 
(Buque-Taboada et al., 2006). Integrating separation technology with the fermentation, the overall
process can be intensified. This approach is called in-situ product recovery (ISPR) and provides a 
substantial driving force for biological fermentation process since it shifts the reaction equilibrium 
to the product side by continuously reducing the product concentration in the fermenter. 
Removing carboxylates from the fermentation broth can be performed by several
separation technologies: crystallization, evaporation, extraction, adsorption and electrodialysis
(ED). In this thesis, ED was integrated in-situ to the mixed culture fermentation to assess the
impact on carboxylate productivity. On top of this in-situ recovery is also expected to selectively
enrich a single compound due to differences in concentration between the different carboxylates.
Finally, ISPR, also allows to use higher organic loadings because of the improved substrate
conversion efficiency.     
11
Figure 1.2. Thermodynamically feasible reactions and end products from a glucose fermentation by
mixed culture (Temudo et al., 2007)  
1.6. Objectives of the thesis
The aim of this thesis is to gain more insight on how fermentation processes can be
steered towards production of a single compound or group of compounds at the highest possible
yield. Manipulating the operational conditions during mixed culture fermentation process and
and/or integration of separation technology in the fermentation reactors are considered to be the
key parameters to drive the fermentation reactions towards the targeted products. The
technological challenges set for this thesis were;
- To determine to what extent the composition, constitutes and concentration of organic
waste impact the fermentation product type and yield.
12
- To investigate the impact of headspace composition on the formation of fermentation
products.
- To develop and study a system with in-situ product recovery to increase productivities
and product yields of fermentation process.  
1.7. Thesis outline
Chapter 2 reviews the mixed culture fermentations studies dealing with conversion of 
organic substrates towards carboxylates in batch, fed-batch and continuous reactor configurations. 
In mixed culture fermentation, the concentration and the speciation of carboxylates can vary 
considerably, depending on the substrate type, inocula, headspace composition, process 
parameters like hydraulic and solid retention time, organic load and pH, the substrate 
concentrations. Thus it is crucial to know how to use these key elements to obtain a desired 
product or mixture of products in the highest concentration(s) possible. In Chapter 3, the aim 
was to observe to what extent the operational parameters like headspace composition in elevated 
partial pressures, together with organic waste type can impact the fermentation process, product 
type and yield in batch-fermentation. In Chapter 4, the study on headspace composition was 
further investigated at increasing substrate concentration in batch reactor configuration. The final 
target was to define operational conditions from the outcome of batch experiments in order to a
perform continuous process with an organic waste as feed material and a mixed bacterial culture 
for stable production of the targeted carboxylate. In Chapter 5, the process parameters were 
overviewed for the improvement of carboxylate formation and spectrum with integrated in-situ
recovery technology. Here, a novel ‘direct contact’ ED configuration with bipolar membranes was 
integrated with the continuous, mixed culture fermentation. Additionally, it was successfully 
demonstrated that the pH of the continuous reactor was self-regulated by the use of bipolar 
13
membranes and external base addition was eliminated completely during the operation. Finally, in 
Chapter 6 carboxylate production from organic waste with mixed culture fermentation process 
was evaluated according to the results obtained in this thesis.
14
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Chapter 2 
Selective short chain carboxylates production: control 
mechanisms to direct mixed culture fermentations
This chapter has been submitted:
D. Arslan, K.J.J. Steinbusch, L. Diels, H.V.M. Hamelers, C.J.N. Buisman, H. De Wever (2014). 
Selective short chain carboxylates production: a review on control mechanisms to direct mixed 
culture fermentations
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Abstract
Anaerobic digestion of organic residual streams can be directed to produce carboxylates such as acetate, 
propionate and n-butyrate, which can be either directly used in industry or converted into other valuable 
compounds. This paper reviews the studies working with mixed culture conversion of organic substrates 
towards carboxylates. It draws connections between standard fermentation parameters and the carboxylate 
product concentrations and composition. The use of more concentrated carbohydrate-rich substrates, at 
longer residence times and at neutral pH ranges stimulates total acid production. When increasing pH to the 
neutral range, acetate and propionate fractions are elevated. High propionate concentrations and fractions 
are infrequently reported and mainly appear on high protein containing feedstock. High n-butyrate fraction 
> 70% is usually found when pH < 6, at longer retention times or organic loading rates, under CO2
atmosphere or on substrates with high lactate concentrations. The review concludes with prospects for 
further developments related to the carboxylate platform.
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2.1. Introduction
Short chain carboxylates and their derivatives can be used as building blocks to produce 
bulk industrial chemicals. Those carboxylates or volatile fatty acids (VFAs) such as acetate, 
propionate and n-butyrate can be directly used in a wide variety of industrial applications such as 
fertilizers, plastics, man-made fibers, flocculants, and detergents (Danner & Braun, 1999). 
Carboxylates can also be converted to more reduced and also higher energy density chemicals. 
The use of carboxylates for different applications represents a carboxylate platform, which was 
first mentioned by Holtzapple & Granda (2009). In recent years the carboxylate platform received 
more interest from different researchers (Kleerebezem & van Loosdrecht, 2007; Li & Yu, 2011). 
Agler et al., (2011) gave an overview of pathways for carboxylate conversion. Examples are 
biohydrogenation to alcohols (Steinbusch et al., 2008), chain elongation to longer chain fatty acids 
with higher carbon/oxygen ratios (Agler et al., 2012; Grootscholten, et al., 2012), esterification to 
polymers (Peralta-Yahya et al, 2012), or transformation into polyhydroxyalkanoates, used in the 
production of bioplastics (Lemos et al., 2006). In most of these processes, the carboxylate 
concentration and composition has significant importance.
Carboxylates are produced as intermediates in anaerobic digestion, in which four phases 
can be distinguished (Figure 2.1) (Metcalf & Eddy, 2003; De Mes, 2003). 
1. In the hydrolysis phase, complex organic material composed of different polymers such as 
carbohydrates, proteins and lipids is broken down and solubilized into monomers such as 
sugars, amino acids, long chain fatty acids and glycerol. It is a combination of an 
extracellular biological process allowing hydrolysis of polymers catalysed by secreted 
enzymes, and a non-biological process, allowing lysis of cell structures and disintegration of 
particulates. 
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2. In the acidogenesis phase, these monomers are converted to a mixture of carboxylates, 
alcohols, H2 and CO2. Sugars are converted by different organisms to carboxylates like 
acetate, propionate and n-butyrate but also ethanol and lactate, while proteins are 
converted to a broader range of carboxylates varying from 2 to 6 carbon atoms, isomeric or 
saturated. During acidogenesis also inorganic compounds are produced like CO2, H2, NH3
and reduced sulfur. 
3. Acetogenesis consists of further conversion of acidogenesis products into acetate. 
Conversion of higher organic acids like propionate, n-butyrate and valerate to acetate is an 
oxidation step that requires an additional electron donor like protons and CO2. The main 
thermodynamic reactions for carboxylate oxidizing organism are listed in Table 2.1. The 
standard Gibbs free energy of the oxidation reactions is close to zero and requires mainly 
low hydrogen partial pressure to make the reaction exergonic. In case of a high hydrogen 
partial pressure the acetogenic reactions are reversed to reduction reactions. 
4. Methanogenesis is the last step in anaerobic digestion, but has to be avoided to obtain high 
levels of carboxylates.
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Table 2.1. Thermodynamics of reactions for fatty acid oxidizing organisms under acidifying conditions
Product Reaction Equation ?Gr0 *
kJ mol-1
?Gr’ **
kJ mol-1
H2, HCO3- OH3CHHCOH4 24
-
32 ??? -175 -46.5
Propionate -
32
-
2322
-
253 HCOH3OHCOH3OHC ???? 188 -1.0
n-Butyrate
2
-
2322
-
274 H3OHC2OHOHC ??? 89 -4.0
Caprylate
224222168 H6OHC4O6HOHC ??? 266 -14.6
*???????????????????????????????????????r0) is calculated at 273 K with concentrations and pressures of all components 
1 M or 1bar; 
?????????????????????????????????r’) is calculated at pH 6, 303 K and carboxylate concentrations of 0.01M, H2 pressure of 
10 Pa, CH4 pressure of 1000 Pa and HCO3- concentration of 0.01M
Unfortunately, mixed culture conversion creates mixtures and variations in carboxylate 
composition which may not be desirable for precise industrial applications. One of the biggest 
challenges of mixed culture fermentation is to control the acidification and acetogenic reactions 
occurring during the fermentation and direct these reaction flows towards a specific end product at 
a high conversion rate. This paper compiles the standard operational parameters for mixed culture 
fermentation processes and correlates their use for efficient production of a single desired 
carboxylate or composition of carboxylates. Operational parameters include the type of substrate 
and substrate concentration, hydraulic retention time (HRT), organic loading rate (OLR), pH, 
temperature, headspace composition and inocula. 
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Figure 2.1. Schematic representation of the AD process (Adapted from Metcalf and Eddy, 2003; 
Reith et al., 2003)
The assessment is evidently complicated by the fact that several parameters interact with 
each other. OLR is for instance calculated from the substrate concentration and HRT but we 
considered it important to also assess these parameters individually. To be able to make a good 
comparison between the researches, all studies presented in this review used continuous stirred-
tank reactor type, so sludge retention time (SRT) is assumed to be equal to HRT. Reactor designs 
for which SRT is independent of HRT e.g. up-flow anaerobic filter reactors, were not included in 
this review but the effect of SRT will be briefly discussed. 
Earlier studies have reported significant increases in both hydrogen yields and hydrogen 
production rates in mixed cultures with improved process control (De Gioannis et al., 2013; Wang 
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& Wan, 2009). Carboxylate production presents additional challenges because the products are 
soluble and there is no automatic phase separation. Furthermore, the range of soluble products is 
much broader than that of gaseous products. For this review we selected mixed culture studies 
that provide not only the fermentation conditions but also details on carboxylate concentrations 
and product spectrum and their evolution during the tests. The majority of studies use organic 
waste materials which are abundant and cheaper than pure substrates. One third of the 
referenced studies worked with pure carbohydrate substrates, avoiding interference of substrate 
variability, and thus giving a more clear indication about the impact of an operational parameter 
on acid production. The selected studies were grouped and evaluated per operation mode: batch 
reactors in Table 2.2 (25 studies), fed-batch in Table 2.3 (6 studies) and continuous reactors in 
Table 2.4 (22 studies). In addition to the studies compiled in the tables, others have been 
referenced in the text that either only discussed total carboxylate concentrations or only 
emphasized certain aspects of the product spectrum without giving a comprehensive overview.
2.2. Effect of substrate type and pre-treatment 
The type of substrate is one of the most important factors that affects the total product 
concentrations and also has an influence on the product type. Substrates can be grouped into 
three categories according to their polymer composition: rich in carbohydrate, protein or lipid, 
each with different hydrolysis rates. In general it can be said that the higher the hydrolysis rate, 
the higher the carboxylates concentrations. Direct comparison of these three types of substrates 
has only been attempted in batch studies (Table 2.2). Dong et al. (2009) prepared synthetic 
wastes from various food materials, and obtained the highest total acid production on the 
carbohydrate-rich substrates which have also the highest hydrolysis constant. Similarly, on real 
organic waste streams from food industry the highest total acid production was obtained on a 
starch-based substrate (Arslan et al., 2012). 
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Summarizing all reviewed studies, carboxylate levels were found ranging between 2 and 20 
g/L (Figure 2.2) at yields varying between 0.1 and 0.6 g total carboxylate/g COD feed added 
(Figure 2.3). Concentrations higher than 10 g/L were only reported occasionally. In batch studies 
(Table 2.2), they were obtained at yields of 0.1 to 0.7 g carboxylates/g COD feed on 
carbohydrate-rich food waste (Dong et al., 2009; Kim et al., 2009; Kim et al., 2011a; Kim et al., 
2011b) In continuous studies (Table 2.4), they were found at yields of 0.55 g carboxylates/g COD 
feed on sucrose (Kyazze et al., 2005) and of 0.45 on glucose (Hafez et al., 2010), and 0.26 to 0.47 
g total acids/g VS sugarcane bagasse fed (Fu & Holtzapple, 2011). For single protein- and lipid-
based streams, the total carboxylate concentrations are on average below 3 g/L at yields below 
0.1. The only exceptions are two batch studies where either much longer incubation times were 
applied for the protein-rich substrates than for the others (Okamoto et al., 2000) or where acetic 
acid was produced through homoacetogenesis from H2 and CO2 in the headspace (Arslan et al., 
2012).
Figure 2.2. Total carboxylate levels as a function of substrate concentration. Only those studies for 
which substrate concentrations could be calculated into g COD/L are represented.
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Figure 2.3. Total carboxylate productivity as a function of OLR. OLR data > 100 g COD/L.d are 
from a small number of studies. Only those studies for which OLR could be calculated into g 
COD/L.d are represented.
Food wastes generally contain different types of polymers and their composition can vary in 
time. Elevated carboxylate levels > 10 g/L are usually found when the food has been cooked, 
which accelerated the hydrolysis step (Kim et al., 2009; Kim et al., 2011a in Table 2.2, Lim et al., 
2008 in Table 2.3, Ueno et al., 2007 in Table 2.4). Mixing different types of wastes can increase 
also total acid concentration and the efficiency of the conversion. Increasing the contribution of 
primary sludge to food waste from 10 to 25%, dramatically increased the total carboxylate level at 
24 h retention time in the study of Min et al. (2005) (Table 2.4). The combination of food waste 
and sewage sludge (Kim et al., 2011b in Table 2.2) and corn stover and manure (Thanakoses et 
al., 2003 in Table 2.4) produced higher carboxylate levels of 20 g/L compared to single substrate 
fermentation. A mixture of sugarcane bagasse and manure even resulted in 28 to 40 g 
carboxylate/L (Fu & Holtzapple, 2011 in Table 2.4), the highest levels identified in this review. The 
most likely reason is that the in-situ air-lime pre-treatment of sugarcane bagasse provided enough 
alkalinity to avoid system failure at high acid concentrations. Next to a more balanced pH, mixing 
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different streams can lead to a more balanced nutrient composition or can increase the inoculum 
concentration or variation.
There is clear impact of substrate type on the product type, though it is difficult to make 
the link between a specific type of feed and a product. In studies with total carboxylate 
productions > 1 g/L on carbohydrate substrates, n-butyrate fractions surpassed 60% (Okamoto et 
al., 2000 in Table 2.2), (Ueno et al., 1996; Fang & Liu, 2002; Hussy et al., 2003; Hussy et al., 
2005; Kyazze et al., 2005; Yu & Mu, 2006; Temudo et al., 2007; Arslan et al., 2013 in Table 2.4) 
and even 70% (Hussy et al., 2003; Fang et al., 2006; Lee et al., 2008a; Kim et al., 2009; Kim et 
al., 2011a in Table 2.2), (Lin & Jo, 2003 in Table 2.3), (Horiuchi et al., 2002; Liu & Fang, 2002 in 
Table 2.4), usually at pH < 5 and at higher organic loading rates. At higher pH levels > 6  (Oh et 
al., 2003 in Table 2.2) (Fang & Liu, 2002; Horiuchi et al., 2002 in Table 2.4) or during prolonged 
periods of batch incubations (Arslan et al., 2012 in Table 2.2) or at lower organic load (Hafez et 
al., 2010 in Table 2.4), shifts may occur towards high fractions of acetate, again going up to levels 
higher than 70%. Propionate proportions with carbohydrate substrates are only found occasionally 
up to 30% (Feng et al., 2009; Khanal et al., 2004 in Table 2.2) (Lim et al., 2008 in Table 2.3) (Min 
et al., 2005 in Table 2.4). In summary, mixed waste streams may yield one major carboxylate 
product, which is usually acetate or n-butyrate, and only infrequently propionate. It is, however, 
still difficult to predict the exact product distribution according to the substrate type considering 
the fact that even two similar carbohydrate-rich waste streams can produce different product 
types. For example, Hussy et al. (2005) (Table 2.4) showed under similar process conditions that 
sucrose yielded 67% n-butyrate while sugar beet extract dosed at the same loading rate yielded 
equal fractions of acetate and n-butyrate. 
Protein-rich waste streams seem to enhance the production of odd numbered and/or 
longer carboxylates like i- and n-valerate and n-caproate (Okamoto et al., 2000; Chen et al., 2007; 
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Feng et al., 2009; Morgan-Sagastume et al., 2011; Yuan et al., 2011) Primary or activated sludge 
containing proteins yielded up to 78% of propionate (Min et al., 2005; Zhu et al., 2008). Waste 
activated sludge yielded up to 10% n-valerate (Yuan et al., 2011) or even 35% of i-valerate in 
batch tests (Chen et al., 2007). Gelatin enriched wastewater resulted in around 10% i- and n-
valerate and 10% n-caproate (Yu & Fang, 2003 in Table 2.4). Morgan-Sagastume et al. (2011) 
found isomers of n-butyrate and n-valerate fractions up to 20 – 30% with amino acids rich 
substrate (Table 2.3). For lipid waste streams, there are too few studies to draw conclusions. 
Substrates with high lactate concentrations promote n-butyrate production (Agler et al., 
2011). Komemoto et al. (2009) indeed detected up to 80% of n-butyrate with food waste 
containing 30 g/L lactate (Table 2.2), even when the pH was controlled at 7 which is unfavourable 
for n-butyrate production (see section 8). Similarly, n-butyrate was the major product in batch 
reactors where lactate was consumed at pH > 6 (Lee et al., 2008a). Kim et al. (2012b) 
investigated the effect of lactate addition at pH 4.5. In the tests where lactic acid was added and 
consumed, n-butyrate concentration was higher comparing to the tests where lactic acid was not 
added or consumed. 
Medium chain fatty acids (MCFAs) such as n-caproate as an end product of a mixed culture 
fermentation can be advantageous over short chain acids. Because MCFAs have a longer 
hydrocarbon tail, they are less soluble in water which makes their separation easier than 
carboxylates (Steinbusch et al., 2011). Although high n-caproate production next to short chain 
acids is not commonly reported in mixed culture fermentation, major fractions of n-caproate up to 
64% were found in one study on sucrose-rich wastewater, at the expense of n-butyrate (Yu & Mu, 
2006). Because not all studies measured valerate or MCFAs, it is difficult to draw conclusions from 
the studies reviewed here.
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2.3. Effect of inocula pre-treatment
Biomass from acidogenic reactors, anaerobic digesters and composting systems is rich in 
acid producing organisms together with methane producers. Thus, inocula may need a pre-
treatment to avoid methanogenic activity unless at least one operational parameter is selected in a 
range where methanogens do not naturally assimilate. Although pre-treatment methods are not 
cost efficient and technically difficult to implement in industry, they help to increase the total acid 
concentration if there is a risk of methanogenic consumption of the acids. The most common 3 
pre-treatment methods are (1) heat shock treatment, (2) acid/alkali conditioning and (3) chemical 
inhibitors. 
Among the pre-treatment methods, heat treatment is the most widely used one in 
literature. The principle is based on inactivation of non-spore forming micro-organisms like 
methanogens while maintaining spore forming acid producers. In general, heat treatment is 
achieved by boiling the sludge for 15 min (Han & Shin, 2004) or keeping the sludge at 75 °C 
(Chang et al., 2002) to 100 °C (Wang et al., 2008) for 1 to 7 hours (Tao et al., 2007). Half of the 
batch studies, represented in Table 2.2, used heat treated inocula. For the fed-batch and 
continuous experiments in Table 2.3 and 2.4, only 6 studies out of 25 used heat treatment as a 
pre-treatment method. The reason might be that pre-treatment method may only have a short 
term effect, as demonstrated in long term continuous experiments (Luo et al., 2010), Also, in 
continuous systems, other parameters such as HRT can be used to avoid methane production. 
Heat treatment can selectively eliminate non-spore formers like methanogens but propionate 
producers as well. So in general, heat treatment promotes selective production of acetate and n-
butyrate (Hawkes et al., 2002; Hussy et al., 2003; Kyazze et al., 2005, Kyazze et al., 2008). Cohen 
et al. (1985) also indicated that sporulation results in n-butyrate type product. Conversely, a study 
by Wang et al. (2011) did not observe any changes in carboxylate distribution when the inoculum 
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was heat treated at 80 °C and 90 °C. The carboxylate distribution was similar to the control 
reactor which was not heat treated. In all reactors, acetate was around 70% and n-butyrate was 
20%. When the temperature of pre-treatment was increased to 100 °C, n-butyrate disappeared 
and only acetate was detected. 
In acid/alkali treatment, the inoculum is kept for a certain period under acidic (pH 2 to 4) 
or basic (pH 9 to 11) conditions. Acid and alkali treatment mainly inhibits methanogenic activity 
but there is not a clear effect on the carboxylate distribution. According to the study of Ren et al. 
(2008) one could say that less propionate was found when the inoculum was pre-treated with 
alkali solution. Ren et al. (2008) observed the highest carboxylate production of 3.5 g/L with 
alkaline pre-treatment. Acetate and n-butyrate were found to be the dominant products reaching 
each around 50% in alkali pre-treated samples while propionate was observed only in acid pre-
treatment. Wang et al. (2011) reported acetate as main product in acid pre-treatment, while the 
secondary product varied. When the same inoculum was alkali pre-treated, n-butyrate was the
main secondary product. Wang & Wan (2008) also observed selective production of acetate (60% 
– 70%) after alkali and heat treatment, albeit in low concentration ranges. When inoculum was 
acid treated, n-butyrate, acetate and propionate were detected in equal proportions (Wang & 
Wan, 2008)
Using chemical inhibitors such as 2-bromoethanesulfonate (BES), iodoform, chloroform, 
ethylene, ethane, methyl chloride or acetylene is another option for inhibition of methanogenesis. 
It is, however, not widely applied because these chemicals are expensive and toxic to the 
environment. The mechanism of these inhibitors is based on blocking the functions of specific 
enzymes of methanogens (Valdez-Vazquez & Poggi-Varaldo, 2009). With respect to acid formation, 
BES was not found effective for regulation of fermentation pathways, while chloroform inhibited 
acetate formation by homoacetogens, and increased production of propionate and n-butyrate 
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(Conrad & Klose, 2000). On the contrary, high selectivity together with high concentrations of 
acetate was obtained with a chloroform treated inoculum by Wang & Wan (2008). Mohan et al. 
(2008) found that substrate utilization and total carboxylate concentration after 12h was the 
highest in batch vials pre-treated with BES combined with acid (at pH 3) or heat-treatment (100 
°C for 1 hour) among the variable single and combined pre-treatment methods evaluated. Pham 
et al. (2012) reported that the addition of 70 ppm iodoform lead to an undesired decreased 
carboxylate productivity. This is in line with the findings of Chan & Holtzapple (2003). They 
reported that iodoform provided a fourfold decrease in methane production, but also reduced 
acetate production.
2.4. Effect of gas composition 
Hydrogen and carbon dioxide are involved in many fermentation reactions in terms of both 
production and consumption. Their partial pressures and relative ratio in the headspace affect in 
many cases the carboxylate distribution. Thermodynamically, H2 and CO2 partial pressures in the 
headspace can affect the direction of acetogenic reactions (listed in Table 2.1). Literature studies 
on this topic cover two approaches (1) removal of produced gases by sparging or flushing with N2, 
or (2) the replacement of the headspace by applying external H2 and/or CO2. 
Sparging and flushing with N2 is used to remove H2 from the liquid and headspace to avoid 
that H2 becomes inhibitory for certain fermentation pathways (Angenent et al., 2004). The studies 
in this review (Table 2.4), that addressed this aspect, show that the effect of sparging on total 
carboxylate production is negligible (Hussy et al., 2003; Kim, et al., 2006) or even negative 
(Kyazze et al., 2005; Massanet-Nicolau et al., 2010). Neither sparging nor flushing with N2 was
found to affect the carboxylate composition. Intermediate sparging with N2 negatively affected 
reactor performance in a study by Kyazze et al. (2005), decreasing total carboxylate concentration 
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from 17 to 15 or from 14 to 12 g/L (Table 2.4). It should be noted that all tests were performed at 
pH 5.3 (or lower) where 20% of the carboxylic acids is in the undissociated form, and gas sparging 
may lead to stripping of carboxylate. Furthermore, severe sparging was reported to create stress 
on the biomass leading to decreased acid production levels (Bastidas-Oyanedel et al., 2012). To 
avoid carboxylate stripping and such problems in biomass activity, flushing of the headspace can 
be a better option. Even then, the equilibrium between headspace and liquid phase is disturbed 
and losses might occur. 
Addition of extra CO2 to the headspace increased the n-butyrate fraction relative to the 
other fermentation products (Kim et al., 2006; Arslan et al., 2013). A possible explanation is that 
CO2 decreases the pH of the system down to around 4.8 leading to pH ranges favourable for n-
butyrate production. Another possible explanation is that CO2 causes damage on the cell 
membrane leading to functioning problems in especially acetogenic and lactic acid bacteria (Kim et 
al., 2006). One important remark is that the impact of CO2 in the headspace on selective n-
butyrate formation was less when substrate concentration was increased (Arslan et al., 2013).      
No obvious trends can be derived for the impact of elevated H2 partial pressure on the 
short chain carboxylate levels and composition. In some studies, a high partial pressure of 
hydrogen favoured the production of longer chain carboxylates and more reduced compounds 
(Smith & McCarty, 1989; Arslan et al., 2012 in Table 2.2) (Yu & Mu, 2006 in Table 2.4). This can 
be explained based on thermodynamics. At high hydrogen partial pressure (> 102 Pa), the 
oxidation of propionate and n-butyrate or even longer n-caproate to acetate is limited. Ding et al. 
(2010) reported that high hydrogen partial pressures are not necessarily needed for the n-
caproate production pathway, 
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Changing the headspace composition by applying proper portions of H2 and CO2 instead of 
N2 increases the acid concentration and also regulates the product spectrum. When H2/CO2
(50/50) was applied up to 2 bar, acetate fraction reached 87% in mixed culture fermentation 
(Arslan et al., 2012 in Table 2.2), mainly as a result of homoacetogenesis. Selectivity up to 87% is 
promising when a mixed culture is used, but acetate production was achieved mainly from H2 and 
CO2 consumption instead of waste reduction. Thus, this system can only be interesting if these 
gases are available as wastes.  
2.5. Effect of initial substrate concentration 
In principle, product concentration increases with the substrate concentration in the 
reactor, but at feed levels above 40 g COD/L a further increase of carboxylate concentration was 
limited due to overloading or to inhibition (Figure 2.2). This general principle was indeed observed 
in most studies that systematically investigated this effect on one substrate (Fang et al., 2006; 
Arslan et al., 2013; Lee et al., 2008a in Table 2.2), (Lim et al., 2008; Gomez et al., 2009 in Table 
2.3) (Liu & Fang, 2002; Thanakoses et al., 2003; Kyazze et al., 2005; Yu & Mu, 2006; Ueno et al., 
2007; Fu & Holtzapple, 2011 in Table 2.4). Only in the work of Coats et al. (2011) (Table 2.2) and 
Kim et al. (2012a) (Table 2.3) various substrate levels above 35 g VS/L or 25 g COD/L 
respectively, resulted in comparable carboxylate concentrations. In two other studies (Table 2.4), 
the total carboxylate concentration levels off at 12 g/L at substrate concentrations > 30 g COD/L 
(OLR > 90 g COD/L.d) (Hafez et al., 2010) or at 20 g/L at substrate concentrations > 40 g VS/L 
(OLR > 5 g VS/L.d) (Thanakoses et al., 2003). Within the referenced studies, when those 
continuous investigations are grouped that can be expressed in g COD/L, the substrate 
concentrations applied vary between 5 and 107 g COD/L, the most typical range being 5 to 40 g 
COD/L. As shown in Figure 2.2, this results in carboxylate concentrations of maximal 20 g/L, which 
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do not increase further at higher feed levels above 40 g COD/L. This may point to overloading or 
product inhibition (see section 10). 
Carboxylate yields (expressed as g total carboxylate/g COD feed added) vary between 10 
and 60%. Surprisingly, yields are sometimes as low as 15% on synthetic sugar based substrates. 
Only in one tenth of the studies, 45-55% of conversion is reached (Hafez et al., 2010; Kyazze et 
al., 2005 in Table 2.4). It is not clear what can explain this, because substrate type and 
concentrations, product concentrations and operational parameters were similar in many other 
studies. Maybe too short retention times, occurrence of methane production, and an incomplete 
product spectrum due to unanalysed compounds such as valerate and n-caproate may explain the 
low yields. 
It can be predicted that increasing substrate concentration per time unit increases the 
amount of available electrons per cell in the reactor, and an excess of electrons drives reactions
more towards reduced compounds such as ethanol, n-butyrate or n-caproate than acetate and 
propionate. The increase of substrate concentration indeed shifted the product type from acetate 
to n-butyrate or even n-caproate ( Hafez et al., 2010; Arslan et al., 2013 in Table 2.4). In one 
batch study (Fang et al., 2006) testing a broad substrate concentration range, the increase of 
substrate concentration led to more n-butyrate and not n-caproate. The explanation could be that 
the test was performed at a rather low pH of 4.5 which is too low for n-caproate production. 
2.6. Effect of HRT in fed-batch and continuous systems
HRT is a key parameter that can affect the fermentation process in different aspects. HRT 
can determine the dominating microbial population through washout of slower growing organisms. 
To avoid methanogenic growth, HRTs longer than 2 days are not preferable for fermentation 
purposes (Ghosh & Pohland, 1974). From an economical aspect, a short HRT is desirable because 
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a fast conversion results in smaller reactor volumes (De Mes et al., 2003). Yet, HRTs should be 
long enough to allow optimal hydrolysis and fermentation of the substrate. 
In the referenced studies, HRT varied between 3 and 200 h for continuous fermentations 
(Table 2.4) and between 4 and 290 h for fed-batch systems (Table 2.3). In practice, most 
continuous systems were operated at a HRT between 3 and 50 h. This is mainly due to the fact 
that acid production can start within 2 h of incubation, while some methanogens can already 
assimilate at an HRT of 30 h (Ten Brummeler et al., 1991; De Mes et al., 2003). Hydrolysis is the 
slowest step in the anaerobic digestion and thus the hydrolysis rate of the substrate determines 
the HRTs needed to maximize carboxylate levels. Because glucose-rich substrates do not require 
hydrolysis, retention times of a few hours would be enough for acid production (Horiuchi et al., 
2002 in Table 2.4). For more complex and non-soluble substrates, the retention time should be 
higher. In some studies, a higher total carboxylate concentration was found with increasing HRT 
under the same substrate concentration (Lin & Jo, 2003; Lim et al., 2008 in Table 2.3), (Liu & 
Fang, 2002; Ueno et al., 1996 in Table 2.4), while in others the carboxylate concentrations did not 
vary (Horiuchi et al., 2002; Yu & Mu, 2006 in Table 2.4) or even decreased (Min et al., 2005 in 
Table 2.4). This is mainly due to the fact that these studies use different types of substrates which 
imply different kinetics. Thus, according to the substrate type, the limiting HRT level varies.  
By regulating retention time specific microbial populations can be selectively favoured. In 
single culture fermentation on glucose, acetate producers have a doubling time around 2.5 h 
(Drake et al., 2006) n-butyrate producing ones around 10 h (Michel-Savin et al., 1990) propionate 
producers around 7 h (Lewis & Yang, 1992) and lactate producers 3 h (Mercier et al., 2007). In 
mixed cultures fermentation, HRT alone is not expected to be a determining factor for selective 
production of a single compound, thus operational parameters other than HRT would play a role to 
increase the population of certain organisms. In theory, acetate is a major product under short 
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HRT conditions because the energy yield is higher (4 ATP) by producing acetate from glucose than 
by producing n-butyrate (3 ATP) (Kleerebezem & Stams, 2000). Indeed, because acetate 
producing bacteria have shorter doubling times than n-butyrate producing ones, acetate may 
accumulate at shorter HRTs. At long HRT conditions, acetate might still be produced in high 
concentrations. However, as the retention time gets longer, the product type shifts from more 
oxidized compounds such as acetate or lactate towards more reduced compounds such as n-
butyrate or n-caproate (Smith & McCarty, 1989; Angenent & Kleerebezem, 2011). To give more 
examples, Yu & Mu (2006) (Table 2.4) reported an increase in n-caproate fraction up to 64% at 30 
h HRT whereas it dropped to half at 3 h. Liu & Fang (2002) (Table 2.4) detected n-caproate and 
ethanol at a HRT longer than 14 h with sucrose-rich wastewater, whereas at a shorter HRT the 
reduced products were not observed at all. Propionate and lactate production was higher at 9 h 
HRT than at 15 h in a fed batch reactor on corn starch substrate (Arooj et al., 2008). In the study 
of Wu et al. (2005) decreasing HRT from 6 h to 0.5 h led to decreasing n-butyrate and increasing 
acetate levels at all tested substrate concentrations. 
2.7. Effect of OLR in fed-batch and continuous systems
The OLR combines the effect of substrate concentration and HRT and determines the food 
to microorganism ratio (F/M). The OLRs applied in the studies of this review vary from 5 to 240 g 
COD/L.d. 
As we concluded in the previous two chapters, the OLR can be affected both ways. When a
high OLR is achieved by increasing substrate concentration the product concentration goes up and 
the type of product becomes more reduced. However, at a high OLR by decreasing HRT the 
hydrolysis can become less effective, resulting in lower total carboxylate concentrations and/or 
shifts towards more acetate because only fast growing bacteria such as acetate or lactate 
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producers are retained in the reactor. So multiple effects are seen in the studies that vary OLR and 
this gives a rather confusing view when they are considered as one parameter.
For all studies where OLR could be calculated to a value expressed in g COD/L.d, the 
productivity was plotted versus the OLR. Figure 2.3 indicates that in the most applied OLR range 
of 5-50 g COD/L.d. the productivity is rather scattered but seems to increase with increasing 
loading rate and amounts to 1 g carboxylate/L.h at maximum. At higher OLRs, the productivity 
seems to level off towards a value of 1.5 g/L.h. The reason of limited productivity might be due to 
substrate overloading. These studies were performed either with glucose or sucrose type substrate 
under maximum 15 h HRTs. Thus, increasing HRT under high OLR might help to increase the 
productivities due to better acidification performance. 
From our evaluation of continuous studies, particularly non-controlled pH conditions or pH 
< 6 lead to high n-butyrate fractions, provided that OLR is high. At increasing substrate 
concentration and hence OLR, the product spectrum can shift from acetate to n-butyrate (Gomez 
et al., 2009) or remain stable with n-butyrate as the major compound (Kyazze et al., 2005; Wu et 
al., 2005 in Table 2.4). Though no inhibition was mentioned in these studies, Kyazze et al. (2005) 
indicated instability in the system with increasing OLR. 
2.8. Effect of pH
The fermentation and hydrolysis steps of acid fermentation are significantly influenced by 
pH. Like temperature, pH is an operational parameter that has a direct effect on growth conditions 
or the biological activity. The optimum of the parameter is different for each species or enzyme. 
Enzymes which are involved in hydrolysis have an optimum pH between 5 and 7 (Veeken et al., 
2000; Jonke & Michal, 2007). Gallert & Winter (2005) indicated that hydrolysis of proteins and 
lipids requires neutral or weakly alkaline pH whereas for carbohydrates a slightly acidic pH would 
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be preferable. An increase in hydrolysis degree is important to mention here since it raises the 
total carboxylate concentrations. The pH also selects for the organism to be most active and 
therefore the product spectrum. 
The hydrolysis is optimum between pH 5 and 7, while pH close to neutral pH is favorable 
for methanogenic growth. Therefore, pH interval 5 to 6 might be the best condition to obtain 
highest hydrolysis and acidification together (Jonka & Michal, 2007). However, if the substrate 
cannot easily be hydrolyzed and HRTs longer than 2 days are required for complete hydrolysis and 
fermentation, it is recommended to control the pH below 6 or above 8 to avoid methanogenic 
growth (Chen et al., 2002; Lay et al., 1999). During acidogenesis the pH naturally drops even as 
low as 3.5. For every carboxylate that is produced a proton is released. There are two things that 
can prevent the pH from dropping naturally: first by methanogenesis or second by the release of 
ammonium in case of protein-rich waste streams. In all other cases, the pH must be controlled by 
addition of alkalinity. The effect of pH was evaluated per reactor operation mode and differences 
were found in product spectrum.
In batch-wise operated reactors (Table 2.2), an increase in pH decreases the relative n-
butyrate fraction with a concomitant increase in acetate and propionate fraction (Oh et al., 2003; 
Shin et al., 2004; Fang et al., 2006; Chen et al., 2007). The opposite finding was obtained by Kim 
et al. (2011a). The n-butyrate fraction on food waste increased with a pH increase from 5 to 9. 
The highest fraction was 73% at pH 8. Lee at al. (2008a) did not observe a change in product 
type with increasing pH. 
In continuous mode (Table 2.4), the n-butyrate fraction is usually high when pH is lower 
than 5.5 like observed by Liu & Fang (2002) and Hussy et al. (2003). The highest selective n-
butyric acid production reported was 70% at pH 4.5 (Hussy et al., 2003). An explanation of 
increasing n-butyrate production can be a decrease in NADH/NAD+ ratio in the fermenter. Under 
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low pH conditions where an excess of protons is available, the NADH/NAD+ ratio increases. Thus, 
NADH consuming reactions become more favourable and electrons flow towards more reduced 
compounds such as n-butyrate or ethanol from glucose (Temudo et al., 2007 in Table 2.4). That is 
also the reason why n-butyric acid production shifted towards n-butanol when pH was kept lower 
than 4.5 as observed by Kim et al. (2004). Although selective n-butyrate production can be 
favoured at a pH lower than 5.0, concentrations often remain lower due to the toxic effect of the 
free acid on the organisms (see section 10). When evaluating only the studies that explicitly 
investigated the effect of pH, the conclusions are less clear, probably due to the variety of 
substrates tested. On glucose, the data from Horiuchi et al. (2002) and Fang & Liu (2002) show 
decreasing n-butyrate fractions when pH is raised from 5 to 7, while Temudo et al. (2007) only 
found n-butyrate predominance below pH 5.5. In contrast, Yu & Fang (2003) always found acetate 
as predominant carboxylate in pH range 4-7, on a gelatine based synthetic wastewater. 
Propionate fractions exceeding 30% are rather exceptional (Table 2.2, 2.3 and 2.4). Only 
results from Horiuchi et al. (2002) and (Min et al., 2005) showed that propionate fractions reached 
higher than 30% under alkali pHs. Wang et al. (2006) avoided propionate production in a 
continuous system by keeping the pH at 4.5. Although propionate production can be ceased by 
decreasing the pH, it seems that selective propionate production with a mixed culture is not 
common. The highest propionate fraction of 80% was observed at pH 6.5 in a continuous reactor 
(Min et al., 2005 in Table 2.4). In batch fermentations, the highest propionate fraction observed 
was around 50% at neutral pH (Khanal et al., 2004; Fang et al., 2006). There was an attempt by 
Chen et al. (2003) for selective propionate production from food waste in a batch reactor by 
keeping the pH at 8. Its fraction remained around 42% with concentrations of only 2 g/L. 
The effect of pH on n-caproate production was studied by Steinbusch et al. (2011). It was 
observed that its production rate was higher (8.17 g/L.d) at pH 7 than at pH 5.5. Yu & Mu (2006)
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(Table 2.4) and Grootscholten et al. (2012) also had relatively high n-caproate fractions keeping
the influent pH at 7. Increasing pH from 7.5 to 9.5, led to a n-caproate fraction decrease (Zhao & 
Yu, 2008). Agler et al. (2012) showed that n-caproate production rate could be kept at around 2 
g/L.d at pH 5.5 if the product was continuously extracted from the reactor.      
2.9. Effect of temperature
Hydrolysis rate and most of the fermentation reaction rates increase at increasing 
temperature to an optimum of 40°C for mesophilic conditions (Veeken & Hamelers, 1999). In the 
studies summarized in Tables 2.2 and 2.4, the impact of temperature on total carboxylate 
concentration is rather negligible in the range of 25 to 55 °C. However, Valdez-Vazquez et al. 
(2005) found higher acid production at 55°C because of a better hydrolysis degree of proteins at 
this temperature. Due to the limited number of systematic investigations, it is even more difficult 
to detect links between product type and temperature. For instance, Shin et al. (2004) (Table 2.2) 
found at 55°C a significantly higher n-butyrate fraction than at 35°C, while the opposite was true 
for Valdez-Vazquez et al. (2005). Yu & Fang (2003) showed similar product spectra in a 
temperature range of 20 to 55°C. 
2.10. Product toxicity and in-situ product recovery
It was mentioned in section 5 that the highest carboxylate concentrations were around 20 
g/L, even at increasing substrate concentrations, which seems to point to inhibition (Figure 2.2). 
Veeken et al. (200) indicated that no negative impact of increasing total and undissociated acid 
concentrations up to 30 g COD/L was found on the hydrolysis of substrate at pH values of 5 - 7. 
Yet, elevated acid concentrations can cause inhibition of fermentative organism functions and can 
stop the further production of acids (Pratt et al., 2012). It is well know that only free acids also 
called undissociated acids can pass through the cell membrane and will dissociate in the cell. 
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When bacteria consume energy to maintain ion gradients and regulate pH inside the cell instead of 
using the energy for growth, acid production may finally stop (Zhang, et al., 2009).
Inhibitory concentrations of undissociated n-butyric acid were reported as 4.4 g/L for a 
mixed culture at pH 4.8 (van den Heuvel et al., 1992). This is generally in line with the n-butyrate 
concentrations found in batch and continuous studies in Tables 2.2 and 2.4. Acetate concentration 
was found inhibitory at higher concentrations >12 g/L at pH 6.6 (Van Den Heuvel et al., 1988). 
Yet, acetate production with homoacetogens in mixed culture reached 18 g/L, even at pH 5.0 
(Arslan et al., 2012 in Table 2.2), or 25 to 36 g/L, albeit at pH 7 at which the acids are 88% 
present in dissociated form (Fu & Holtzapple, 2011 in Table 2.4). The reported propionic acid 
inhibitory levels are much lower than for acetic and n-butyric acid. Producing propionate at high 
concentrations will thus be a lot more challenging than acetate or n-butyrate. Inanc et al. (1999) 
indicated that propionate production stopped when it reached 1 g/L and 50% of total acids at pH 
5.0. Ma et al. (2009) mentioned that propionic acid concentration needs to be kept lower than 1.5 
- 2 g/L to avoid inhibition, but did not specify at which pH. It seems indeed that the general trend 
is that propionate levels do not reach higher than 3 g/L (Table 2.2 and Table 2.4). From our 
literature screening, we could find one study reaching 6 g/L contributing 76% of total acids 
produced at pH 6.5 (Min et al., 2005 in Table 2.4) and one reaching even 8 g/L contributing 45% 
at pH 5.5 (Lim et al., 2008 in Table 2.3). 
In biological processes, reaching high target product concentrations can be limited by the 
toxic effect of the product on the organism or its conversion into another product. Such limitations 
can be overcome by continuously removing the desired products before they reach inhibitory 
concentrations or are degraded in the reactor. This approach is called in-situ product recovery 
(ISPR), and relies on the integration of the most suitable separation technology with the 
fermentation process (Buque-Taboada et al., 2006). ISPR may then allow reaching higher 
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carboxylate yields on a substrate. So far, investigations on separation of organic acids have mainly 
focused on single culture fermentations for production of e.g. lactic, citric or succinic acid and not 
on mixed carboxylates. Separation of carboxylate mixtures from waste streams or selective 
separation of a single carboxylate in a mixed product spectrum has hardly been studied. In fact, 
only one study describes the continuous extraction of n-caproate from a mixed culture 
fermentation on waste streams (Agler et al., 2012). 
2.11. Outlook
The ‘carboxylate platform’ is a potential way to produce fuels and chemicals. Its feasibility 
will largely depend on a good understanding of the carboxylate production step, in terms of 
parameters that affect total carboxylate levels as well as the carboxylate composition. From the 
studies reviewed in this paper, some general directions can already be derived to steer mixed 
culture fermentation towards a desired product spectrum. The use of more concentrated 
carbohydrate-rich substrates, at longer residence times and at neutral pH ranges stimulates total 
acid production. When substrate concentrations become too high in short retention times, or 
under conditions of feed overloading, product inhibition may occur. When increasing pH to the 
neutral range, not only total acid concentration, but also acetate and propionate fractions are 
elevated, though high propionate concentrations and fractions are only reported infrequently. A 
high n-butyrate fraction > 70% is usually found when pH < 6, at somehow longer incubation or 
retention times or OLRs, under CO2 atmosphere or on substrates with high lactate concentrations. 
Increasing residence times create a shift from shorter to longer chain fatty acids such as valerate 
or n-caproate. Such more reduced compounds were also found more often on protein-rich waste 
streams than on carbohydrate ones. As most of the studies referenced in this review addressed 
hydrogen rather than carboxylate production, it can be anticipated that the set-ups and 
operational conditions were not optimized for carboxylate production. To maximize the potential of 
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the carboxylate platform as a means to convert bio-based and organic waste materials into added 
value products, more systematic and fundamental investigations are needed on the bioconversion 
of waste streams into carboxylates, and the parameters affecting the process. 
Most of the referenced studies used batch and continuous stirred tank reactors. It seems 
worthwhile to also evaluate alternative reactor concepts. To improve product concentrations and 
fractions and also decrease negative effects such as acid inhibition a “counter-current” 
fermentation technique was for instance proposed (Holtzapple et al., 1999). In this technique,
fresh substrate is transferred from one to another fermenter in 4 to 5 sequencing steps while the 
liquid phase is transferred on the opposite direction. This allows for optimal hydrolysis of the 
substrate, and minimal inhibitory effects of the end-products. The concept indeed resulted in the 
highest carboxylate concentrations found in this review. References on the use of alternative 
approaches, such as high rate systems, immobilized systems or membrane bioreactors which allow 
to uncouple SRT from HRT seem to be scarce. A higher SRT can increase carboxylate levels, but it 
can also introduce slow growing methanogens that accelerate oxidation of carboxylate (Lee et al., 
2014). It was reported that SRTs up to 12 days increase the carboxylate production due to the 
increase in available soluble feed concentration in the reactor. However further increase e.g. up to 
16 days increased methane growth and hence depletion of carboxylates. Product yields may also 
be further improved through novel integrated concepts, consisting of biological, bioelectrochemical 
and/or catalytic steps. 
So far, the concentrations of carboxylate that have been reached in mixed culture 
fermentation are in general rather dilute compared to pure culture fermentations. This presents a 
major challenge for carboxylate recovery and purification. The integration of a proper separation 
technology with the fermentation process leads to process intensification. On the one hand, the 
first step of the downstream processing is integrated with the bioconversion stage and the product 
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may be recovered in a concentrated form. On the other hand, higher conversions can be reached 
by maintaining lower product concentration in the reactor, therefore removing potential inhibition. 
This in turn allows using higher substrate concentrations or more concentrated feedstocks with 
maximal yield and efficiency. Separation of carboxylate mixtures from complex fermentation broths 
presents as yet a largely unexplored and challenging area of research, since the focus of studies 
on recovery of organic acids has mainly been on pure culture fermentation systems. Furthermore, 
the use of ISPR technology may introduce selectivity in the product removal stage.
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Chapter 3 
Effect of hydrogen and carbon dioxide on carboxylic acids 
patterns in mixed culture fermentation
This chapter has been published as:
D. Arslan, K.J.J. Steinbusch, L. Diels, H. De Wever, C.J.N. Buisman, H.V.M. Hamelers (2012). 
Effect of Hydrogen and Carbon Dioxide on Carboxylic Acids Patterns in Mixed Culture 
Fermentation. Bioresource Technology, 118, 227 – 234. 
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Abstract 
This study investigated the carboxylate spectrum from mixed culture fermentation of 3 organic 
waste streams after supplying 2 bar hydrogen and carbon dioxide or a mixture of these 2 gases to 
the headspace. Under any modified headspace, propionate production was ceased and n-butyrate, 
n-caproate and the total carboxylate concentrations were higher than in the reactors with N2
headspace (control). Production of one major compound was achieved under hydrogen and 
carbon dioxide mixed headspace after 4 weeks of incubation. Both the highest acetate 
concentration 17.4 g COD/l and the highest fraction 87% were observed in reactors with mixed 
hydrogen and carbon dioxide headspace independent of the substrate used. In the control reactor, 
acetate made up maximum 67% of the total products. For other products, the highest 
concentration and fraction were seldom observed together. Selective n-butyrate production 
reaching 75% fraction was found under the carbon dioxide headspace on the carbohydrate rich 
waste.  
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3.1. Introduction
The chemical industry needs to consider alternative, renewable sources to reduce both 
dependency on oil reserves and to decrease carbon dioxide emission into the environment 
(Ragauskas et al., 2006). Biomass is an important resource for the production of industrial bulk 
chemicals. Among the variety of biomass resources, organic waste streams are the most 
interesting ones because they are abundantly available, cheap and they do not compete with food 
(Tilman et al., 2009). Organic wastes can be biologically converted into carboxylates, such as 
acetate, propionate and n-butyrate under anaerobic conditions without need of costly sterilization 
operations as in pure culture fermentations. Organic waste materials generally contain a mixture 
of carbohydrate, protein and lipid polymers. Because of this complexity, organic wastes can only 
be transformed into the desired products by using a mixed culture. 
The first step in a mixed culture anaerobic process of organic wastes is hydrolysis of 
carbohydrates to monosaccharides, proteins to amino acids and lipids to glycerol and long chain 
fatty acids. After hydrolysis, these monomers are converted to carboxylates, hydrogen and carbon 
dioxide during acidogenesis (De Mes et al., 2003). Carboxylates are individually valuable products 
and they can be used in industry after separation from the fermentation broth and further 
purification. Carboxylates can however also be used in a secondary fermentation step to generate 
biofuels and poly-?-hydroxyalkanoates (Agler et al., 2011; Albuquerque al., 2011; Holtzapple &
Granda, 2009).
Because of the diverse polymer composition of organic waste materials and the use of 
mixed cultures, anaerobic processes generate a mixture of various compounds rather than one 
single product. Furthermore, because of a high water content of the waste source, the final 
products are generated in diluted concentrations. Under these conditions, downstream processing 
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of carboxylates requires a considerable amount of energy that negatively affects the production 
costs of the desired products. As a result, current biological production from waste materials 
cannot yet compete with chemical production from fossil oil in the market. Processes, which 
produce chemicals from organic waste materials, can only become competitive with production 
from fossil sources if the process can generate a single chemical and in a high concentration. 
Up to now, many studies have been applying fermentation with different organic waste 
streams, such as artificial food waste (Komemoto et al., 2009), manure (Coats et al., 2011), dairy 
wastewater (Bengtsson et al., 2008), paper waste (Ueno et al.,2007), organic fraction of municipal 
solid waste (Cavdar et al., 2011). These tests were conducted under various operational 
conditions, such as pH, temperature and organic load in continuous or batch-wise mode. Among 
the parameters which have been studied up to today, the effect of headspace composition on 
selective production of one carboxylate in high concentrations was not systematically investigated, 
while we have indications that certain fermentation pathways can be energetically suppressed or 
favored by hydrogen and carbon dioxide levels in the headspace (Thauer et al., 1977). Indeed, 
some studies investigated the effect of headspace, particularly hydrogen partial pressure, on 
anaerobic process, but these studies only focused on biological hydrogen production (Zhang et al., 
2011; Kraemer & Bagley, 2007). To the best of our knowledge the effect of hydrogen and carbon 
dioxide on carboxylate formation has not been investigated yet. 
In this study, the objective was to direct mixed culture fermentation of organic waste 
towards a single product in sufficiently high concentrations by manipulating the headspace. This 
study aimed to reach a production of one major compound making up more than 50% of the total 
products. To this end, carboxylate production from 3 organic waste streams of different polymeric 
compositions, was monitored in terms of total fermentation product concentration as well as 
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relative composition after supplying 2 bar hydrogen and carbon dioxide or a mixture of these two 
gases to the headspace. 
3.2. Materials and Methods
3.2.1. Inocula and waste streams
Granular sludge from an anaerobic digester of the potato processing industry was selected 
as inoculum (Opure, Ede, the Netherlands). The granular sludge was washed with 20 mM 
potassium phosphate buffer (at pH 5) and sieved with a mesh of 500 μm for three times. After the 
last washing step, the granules were left in the same buffer solution overnight at room 
temperature. The next day, the granular sludge, with a 9% dry matter content and 11% ash 
content, was heat treated by boiling in water for 15 min to avoid methanogenesis. As carbon 
source, instead of pure polymers, real organic waste streams from industry were used. Organic 
waste streams were collected from potato, meat and oil processing companies.
3.2.2. Experimental set-up
PVC water-jacketed reactors (5 L) were filled with 750 ml basal medium. The basal medium 
was prepared according to Phillips et al. (1993) without sulfate to prevent sulfate reduction. 
Ammonium concentration in the medium was adjusted according to the carbon source used to 
keep the carbon to nitrogen ratio at 10. The pH of the medium was set to 5 using 4 mM 
monopotassium phosphate and 4 mM dipotassium phosphate buffers without changing the total 
phosphorus concentration in the medium. After substrate addition to a concentration of 8 g COD/l, 
each reactor was inoculated with 8 g of pre-treated granular sludge (wet weight). Then, the pH 
was corrected to 5 with 2 M NaOH or HCl. The experiment with meat processing waste was 
controlled with 2 M NaOH and HCl at pH 5 throughout the experiment to avoid pH increase by 
ammonia release from proteins. All reactors were adjusted to a final headspace pressure of 2 bar 
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by adding hydrogen, carbon dioxide or a 50:50 (v:v) mixture of these two gases. Pressure of the 
headspace of each reactor was monitored on-line with a manometer. During the experiment, 
pressure drops were noted in the reactors with mixed hydrogen and carbon dioxide headspace. In 
such case, headspace pressure was readjusted to 2 bar by adding an appropriate amount of 50:50 
(v:v) hydrogen and carbon dioxide mixture. A control reactor was prepared under the same 
conditions, but was flushed with nitrogen at the start of the experiment and left under 
atmospheric pressure. All reactors were kept at 30°C by hot water circulation and mixed at 100 
rpm by a magnetic drive stirrer. The incubation period was 30 days. Gas and liquid samples were 
taken weekly. The headspace to liquid sampling ratio was chosen such that no underpressure was 
caused until the end of the experiment.
3.2.3. Analysis
The headspace was sampled through a rubber septum using a gas-tight plastic syringe and 
analyzed in a gas chromatograph (Trace GC Ultra) equipped with a thermal conductivity detector 
(TCD). H2 content was analyzed with a 2 m stainless steel column packed with molecular sieve 5A 
(80/100 mesh) using nitrogen as carrier gas at a flow rate of 20 ml/min. Methane, carbon dioxide, 
oxygen and nitrogen were analyzed with a 2 m stainless steel HayeSepQ (80/100 mesh) and 
molecular sieve 5A (80/100 mesh) column connected in series with a valve. Helium was used as 
carrier gas at a flow rate of 15 ml/min. 
Before being analyzed liquid samples were centrifuged for 5 min at 10000 rpm to remove 
particles. Volatile fatty acid (VFA) samples were acidified with 1:1 (v/v) H2SO4 solution and then 
extracted with diethyl ether. VFAs were analyzed in a GC (CE Instruments-Thermoquest) equipped 
with a flame ionization detector (FID) and a 15 m AT-1000 filled capillary column (0.53 mm x 1.2 
μm). Helium was used as the carrier gas at a constant flow of 6 ml/min. Acetone, ethanol and 
propanol were analyzed in the headspace of the samples at 60°C with the same GC fitted in split 
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mode with a split/splitless injector and AT-WAX capillary column (60m x 0.32mm x 1.00μm). 
Carrier gas was helium with a gas flow rate of 1.6 ml/min. Lactate was analyzed with a GC 
(Interscience, CE Instruments-Trace GC) equipped with FID detector in split mode with 
split/splitless injector and AT-1 capillary column (30m x 0.53mm x 5μm column). Each sample was 
treated with Ce(SO4)2 and kept at 60°C for 10 min to convert lactic acid into acetaldehyde which 
was then analyzed in the headspace. 
Each waste was analyzed with the Phenol-sulfuric method (Dubois et al., 1956) for its 
glucose content, the Total Kjeldahl Nitrogen (TKN) method with conversion factor of 6.25 (Pierce 
& Haenisch, 1948) for its protein content; and the Soxhlet extraction method (Pomeranz & Meloan, 
1994) for its lipid content. Total and volatile solid contents were analyzed as described in Standard 
Methods (APHA, 1995). Total Chemical Oxygen Demand (CODt) was determined with Dr. Hach 
Lange cuvette tests, soluble COD (CODs) and NH4-N concentrations of each sample were 
determined with Dr. Hach Lange cuvette tests after centrifugation. 
3.2.4. Calculations
Part of the initial CODt added to the reactor is converted to products. The remaining part of 
CODt either stays in the same form of the initially added COD or is liquefied. In a balanced system, 
the initial amount of CODt, added to a reactor at start-up, should be recovered in various forms at 
the end of the experiment. COD recovery of the system was calculated with 
CODrecovery (%) = (CODt_final/CODt_initial) * 100     (3.1)
where CODt_final and COD_initial is the sum of measured CODt in the liquid (with solid 
particles) and in the gas phase at the end and start of the experiment (g COD).
The hydrolysis degree represents the portion of initially added solid particles transformed 
into a soluble form. The hydrolysis degree of the system was calculated with
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Hydrolysis degree (%)=?(CODsfinal-CODsinitial)-(|CODH2initial-CODH2final|)
CODsolidinitial
?*100     (3.2)
where CODs_final and CODs_initial is the measured CODs at the end and start of the 
experiment (g COD), CODH2_initial and CODH2_final is the measured COD of H2 at the start and at 
the end of the experiment (g COD) and CODsolid_initial is the difference between the measured 
values of CODt and CODs at the start of the experiment (g COD). 
Fraction of single product produced in the system was calculated with 
Fraction (%) = (COD_product/COD_all products) * 100      (3.3)
where COD_product is the COD calculated from the measured concentration of the single 
product produced in the system (g COD) and COD_all products is the sum of all calculated product 
COD values in the system (g COD).
3.3. Results and Discussion
The objective of this study was to direct mixed culture fermentation towards a single
product in sufficiently high concentrations by supplying 2 bar of 100% hydrogen, 100% carbon 
dioxide or a 50:50 (v:v) mixture of these gases in the headspace. These conditions were 
considered to represent an adequate range for studying the impact of headspace composition on 
the fermentation process and product composition. As a carbon source, 3 real organic waste 
streams different in carbohydrate, lipid and protein composition were selected to observe the 
individual effect of polymer compositions on product concentration and type. Each headspace 
composition was run with 3 different waste streams. 
The compositions of the 3 waste streams are presented in Table 3.1. Conform expectation, 
the waste stream from the potato processing company is rich in carbohydrates, the one from the 
meat processing company in proteins and the one from the oil processing company in lipids. 
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Therefore, they were considered suitable for the test purposes. They are denominated 
carbohydrate waste, protein waste and lipid waste from now on.
Table 3.1. Characteristics of waste streams*
Waste streams
Analysis PotatoProcessing
Meat
Processing
Oil
Processing
TS (mg/g) 36.7 (1.2) 70.0 (0.8) 971 (2.8)
VS (mg/g) 30.8 (4.5) 65.5 (1.6) 971 (0)
Carbohydrate (g/kg) 22 (16) 1.8 (0.08) 4.3 (0.3)
Protein (g/kg) 5.9 (0.2) 51.5 (4.6) 0
Lipid (g/kg) 0.2 (0) 13.3 (0) 996 (0.5)
Total COD (g/kg) 26.4 (0.7) 111 (10.2) 1729 (325)
*Concentrations are mean values and standard deviations are shown in brackets. Results are presented on 
wet weight basis.
A COD recovery close to 100% of a system shows a good balance of the process. In this 
study, the COD recoveries of the reactors were determined by equation 3.1. The COD recoveries 
for the carbohydrate waste experiment were between 96% and 111%. Figure 3.1 illustrates the 
COD balance in the carbohydrate waste reactor with hydrogen headspace. COD recoveries for the 
protein waste experiment were between 80% and 115%. Only in the reactors with lipid waste, 
COD recoveries were lower than 85%. The low COD recovery in the lipid waste experiment is 
probably caused by the difficulties in handling the viscous waste and taking nonhomogenous 
samples, as well as poor hydrolysis of lipids during fermentation. 
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Figure 3.1. COD balance in the reactor with a modified hydrogen headspace for carbohydrate 
waste.
For all conditions, carboxylate concentrations were higher than alcohol concentrations. 
Acetate, n-butyrate and propionate were the main carboxylates depending on the headspace 
composition and the substrate type. In few cases, the COD fraction of i-valerate and n-caproate 
was above 10% of the total COD of products. Since this study focuses on production of a single 
compound, products fractions lower than 10% will not be discussed further. In the experiments 
with the carbohydrate and protein wastes, lactate was completely consumed within 1 week 
incubation period. On the lipid waste, lactate was produced, but in negligible concentrations. 
Because the fractions of the products varied in time, the results are presented after 1 week and 4 
weeks incubation periods. Methane was not detected in any of the experiments.
3.3.1. Effect of substrate on the anaerobic process in the control reactors
First, the effect of substrate on the fermentation product type and concentration was 
investigated. The highest total carboxylate production was obtained with the carbohydrate waste 
and amounted to 4.9 g COD/l. For the protein waste, total carboxylate concentration was 2.0 g 
COD/l and for the lipid waste only 0.1 g COD/l. The relatively low carboxylate concentration in the 
Anaerobic
reactor
H2
CODt_final = 11.9 g CODCODt_initial = 13 g COD
CODin gas = 5.8 g COD
CODin solid = 4.9 g COD
CODin liquid = 2.3 g COD 
CODout gas = 4.4 g COD
CODout liquid = 6.6 g COD
CODout solid = 0.9 g COD 
Recovery = 92 %
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lipid waste compared to other waste types is caused by the low hydrolysis constant for lipids 
compared to proteins and carbohydrates (Christ et al., 2000). Since hydrolysis is often the rate 
limiting step of the overall anaerobic process, poor hydrolysis rates yield low product 
concentrations (Mata-Alvarez et al., 2000). 
Figure 3.2 shows the 3 major product concentrations of the control reactors in the 
carbohydrate, protein and lipid waste experiments. From the produced carboxylates, acetate was 
the major product for all the control reactors after 4 weeks of incubation. However the acetate 
concentrations and fractions varied with substrate type. The maximum acetate concentration was 
2.2 g COD/l at 43% of the total carboxylates on the carbohydrate waste. Although the 
concentration of acetate, 1.3 g COD/l, on protein waste was lower than on carbohydrate waste, its 
relative fraction was higher reaching 67%. With the lipid waste, concentrations of acetate were 
lower than 80 mg COD/l. 
The results show that although carbohydrate waste produced higher carboxylate 
concentrations compared to protein and lipid wastes, product formation was not oriented towards 
one major carboxylate under a regular headspace, while the protein and lipid waste generated 
mainly acetate. On the carbohydrate waste, the second major carboxylate was propionate. 
Propionate concentration reached 1.7 g COD/l constituting a 33% fraction. n-Butyrate 
concentration was lower than propionate concentration and amounted to 0.9 g COD/l constituting 
a 17% fraction. Propionate and n-butyrate concentrations obtained on the protein waste were 
negligible.
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Figure 3.2. Concentrations of acetate, n-butyrate and propionate as a function of time under 
different headspace conditions for the (a) carbohydrate, (b) protein and (c) lipid rich waste 
experiments. Scales are different in each graph.
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The variable product formation on the carbohydrate waste and the single type of product 
formation on the protein waste might be caused by pH differences in these experiments. In the 
carbohydrate waste tests, the reactors were run without pH control and the pH dropped to 4.2 for 
the control reactor (Table 3.2).This shift in pH may have lead to variable products formation. In 
the test with the protein waste, the reactors were kept at pH 5.0 to avoid alcalinization because of 
ammonia release from proteins. Keeping the pH at a fixed value of 5.0 may have led to production 
of a single major carboxylate, namely acetate. It is worth to note here that without pH control in 
the reactors with the protein waste, a pH increase above 5 would probably have occurred leading 
to a similar kind of discussion. Some references indicate  that the fermentation process is more 
directed to acetate production at pH higher than 5 and to n-butyrate production at pH lower than 
5 (e.g. Fang & Zhang, 2006) while others rather point to the opposite (e.g. Rodriguez et al., 
2005). Still, it is difficult to draw a certain conclusion about the relationship between pH and 
product type from former studies. The reason is that these studies worked with different organic 
substrates with different inocula. 
Gas production was negligible in the control reactors. Therefore, the effect of produced 
hydrogen and carbon dioxide on the process can be accepted as being minor. Hydrogen 
production in the carbohydrate waste test was 28 mg COD/l-headspace and in the protein waste 
test was 8 mg COD/l-headspace and production only occurred during the 1st week of incubation. 
After the 1st week, the produced hydrogen was completely consumed in both experiments. Carbon 
dioxide production continued until the end for both the carbohydrate and protein waste tests 
reaching approximately 4 mM. Hydrogen was not produced at all during fermentation of the lipid 
waste and carbon dioxide production was only 1.5 mM. 
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3.3.2. Effect of headspace composition on anaerobic processes
We can distinguish two effects of headspace composition on anaerobic processes: (i) the 
effect on the hydrolysis step and (ii) the effect on the acidogenesis step. The increase in 
concentration of fermentation products depends on the efficiency of hydrolysis and the type of 
products formed depends on the conditions of acidogenesis. Both effects will be discussed 
separately in the following sections.
Effects of headspace on hydrolysis 
Hydrolysis is the first step of the anaerobic digestion process and it is often considered as 
the rate limiting step of the anaerobic process (Mata-Alvarez et al., 2000). A high hydrolysis 
degree can therefore enhance the overall process and increase total carboxylate production. The 
hydrolysis rate has been described before as a function of factors such as pH, temperature, 
substrate type and loading, particle size of substrate and concentrations of intermediate products 
(Veeken and Hamelers, 1999). In this study, the effect of hydrogen, carbon dioxide or a mixture of 
these two gases on hydrolysis of the carbohydrate and the protein wastes was studied. The 
hydrolysis degree was calculated with equation 3.2. Since bottlenecks in the hydrolysis of lipids 
were discussed previously, the results with the lipid waste are not discussed further in this section. 
Hydrolysis degree on the carbohydrate waste after 1 week and 4 weeks of incubation are 
presented in Table 3.2. The rates of hydrolysis degree were clearly lower in the reactors under a 
modified carbon dioxide headspace at 1 week incubation. After 1 week, the hydrolysis degrees on 
the carbohydrate waste were the lowest in the reactors with the mixture of hydrogen and carbon 
dioxide and only carbon dioxide. To the best of our knowledge, such an effect has never been 
described in literature before. A maximum hydrolysis degree of the carbohydrate waste was 
obtained in the reactor with hydrogen headspace at the end of the 4 weeks incubation period. For 
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the headspace conditions of the mixture of hydrogen and carbon dioxide, only carbon dioxide 
headspace and the control reactor hydrolysis degrees reached similar values at the end of the 
experiment. 
Hydrogen or carbon dioxide had no effect on the hydrolysis degree of protein waste. In all 
reactors fed with the protein waste, the hydrolysis degrees were approximately 30% after 1 week 
(data not shown). At the end of the experiment, the hydrolysis degrees increased slightly in all 
headspace conditions including the control reactor, to a maximum of 34% in the reactor with 
carbon dioxide headspace. 
Effect of headspace composition on product type
It was anticipated that product formation could be steered by manipulating hydrogen and 
carbon dioxide in the headspace and that the effect would be different for different substrate 
compositions.  
Addition of hydrogen and carbon dioxide to the headspace had a clear effect on the 
product type and concentration. Table 3.2 shows the total VFA and main carboxylate 
concentrations at each headspace condition for the carbohydrate waste. It is observed that in the 
reactors with hydrogen and carbon dioxide or a mixture of these gases supplied in the headspace, 
the total VFA concentration increase was higher than in the controls. Since the final hydrolysis 
degree was similar in all cases, the difference in total VFA production seems to indicate different 
fermentation kinetics with variable headspace compositions. 
For each substrate type, the total carboxylate concentration in the reactor with hydrogen 
plus carbon dioxide headspace was higher than in those with solely hydrogen or carbon dioxide or 
in the control. The highest carboxylate concentration increase was 18.8 g COD/l and was obtained 
on protein waste (data not shown).
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For each substrate type, the main carboxylate in the reactors with 2 bar hydrogen and 
carbon dioxide headspace was acetate. The highest acetate concentration was 17.4 g COD/l with a 
87% fraction obtained on the protein waste (Figure 3.2). Acetate production in these specific 
reactors continued throughout the experiment and its concentration exceeded the CODt amount 
which was added initially as substrate. The additional acetate thus had to be produced from 
hydrogen and carbon dioxide present in the headspace by homoacetogens (equation 3.1 in Table 
3.3). The consumption of hydrogen and carbon dioxide from the headspace in these reactors also 
proves the homoacetogenic activity (Figure 3.3). In the lipid waste experiment, headspace 
consumption was negligible (not shown). Homoacetogens produce acetate from hydrogen and 
carbon dioxide available in the gas phase (Drake et al., 2002). Acetate production with a mixed 
inoculum via the homoacetogenesis process has previously been shown by Nie et al. (2007). This 
case will thus not be discussed further.
On carbohydrate waste both acetate and n-butyrate concentrations could be increased by 
supplying 2 bar hydrogen to the headspace compared to the control reactor. However, selective 
production towards a single compound was not found under this headspace condition (Figure 3.2
and Table 3.2). n-Butyrate and acetate reached similar concentrations under 2 bar hydrogen 
during 1 month of experiments for every tested waste type. The highest acetate concentration of 
2.6 g COD/l and the highest n-butyrate concentration of 3.1 g COD/l were both obtained with the 
carbohydrate waste.  Acetate concentrations in the experiments with carbohydrate and lipid waste 
were slightly higher than in the control reactors while the opposite was true for the protein waste 
(Figure 3.2). Apparently, production of acetate from protein waste was not favorable under 
elevated hydrogen pressure in headspace. Here, it should be reminded again that only for protein 
waste, the pH was controlled at 5. 
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Figure 3.3. Concentration change of hydrogen and carbon dioxide in the reactors with hydrogen 
and carbon dioxide mixed headspace for the (a) carbohydrate and (b) protein rich waste 
experiments. Arrows indicate when additional 50:50 (v:v) hydrogen and carbon dioxide mixture was 
introduced into the headspace to a final concentration of 45 mM for each gas.
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In fact, in the reactor with hydrogen headspace, the n-butyrate concentration and fraction 
was higher than acetate after the 1st week of incubation on the carbohydrate waste (Table 3.2). 
After the 1st week, the acetate production rate apparently became faster than the n-butyrate 
production rate. Hydrogen consumption from the headspace started at the end of the 2nd week of 
incubation. From that point on, n-caproate production, albeit in negligible concentrations, 
continuously increased while acetate and n-butyrate concentrations were stable. The highest 
concentration and fraction of n-caproate was found under hydrogen modified headspace. In these 
reactors, hydrogen consumption was 0.5 bar in the carbohydrate waste and 0.25 bar in the protein 
waste experiment. Hydrogen consumption was not detected in the reactor with lipid waste. 
The presented results indicate that the final product type and concentrations were not only 
determined by either the effect of hydrogen and carbon dioxide added to the headspace or the 
effect of substrates, but also by the combined effect of headspace and polymer source in the 
substrate. 
For the reactors with the carbon dioxide headspace, our findings show that a carbon 
dioxide headspace favors the production of n-butyrate from the carbohydrate type of waste 
whereas acetate is the main product for the other two waste streams (Figure 3.2). The highest n-
butyrate concentration increase was 2.5 g COD/l and it was 3 times higher than in the control 
reactor. In fact, it is important to note that while the n-butyrate concentration obtained in this 
reactor was in absolute terms lower than in the reactor with hydrogen headspace, a higher n-
butyrate fraction of 47% was obtained under a carbon dioxide headspace. Carbon dioxide pressure 
in the headspace was stable during all experiments. For protein and lipid wastes, both acetate and 
n-butyrate concentrations were higher than in the control reactors (Figure 3.2). However, 
concentration levels were quite low (< 1.6 g COD/l). 
91
 
The n-butyrate concentrations were higher under all modified headspace compared to the 
control reactor. Furthermore fractions reached above 70% in the reactors with carbon dioxide and 
with mixed hydrogen and carbon dioxide headspace after a 1 week test period for the 
carbohydrate waste while it was only 17% in the control reactor. High n-butyrate concentrations 
relative to other fermentation products might be linked to the lactate consumed during the 1st
week of the experiment. Several intermediate fermentation reactions such as lactate oxidation to 
n-butyrate (equation 3.2 in Table 3.3) or n-butyrate production via consumption of acetate and 
lactate (equation 3.3 in Table 3.3) were previously presented in Agler et al. (2011). However, in 
the reactors showing lactate consumption, the amount of n-butyrate produced exceeded the 
amount of lactate consumed. Hence, n-butyrate production cannot only be explained by oxidation 
of lactate. Similarly, the amounts of acetate and lactate consumed in the carbon dioxide 
headspace reactor did not correspond to equation 3.3 in Table 3.3. Because also no carbon dioxide 
consumption or production was observed  in the headspace of the reactors, carbon dioxide must 
have affected the fermentation reaction mechanism in a different way. Previously, effects of 
carbon dioxide sparging on a continuous fermentation process fed with sucrose were studied by 
Kim et al. (2006). They reached a n-butyrate concentration of 8.2 g COD/l with a fraction of 71% 
of total carboxylates produced in reactor sparged with carbon dioxide compared to 6.1 g COD/l 
with a fraction of 40% in reactor sparged with nitrogen. According to Kim et al. (2006), a carbon 
dioxide partial pressure higher than 0.7 bar decreases the biomass activity of acetogens which 
consume n-butyrate for acetate production (equation 3.4 in Table 3.3). This conclusion is 
consistent with the observation of Hansson & Molin (1981). Under 1 bar of carbon dioxide partial 
pressure they found that degradation of n-butyrate to acetate by acetogens was slightly limited 
compared to 0.2 bar. A possible reason of the carbon dioxide inhibition is the damage on the cell 
membrane and on cell division (Dixon & Kell, 1989). In our study, the effects of limitation on n-
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butyrate degradation to acetate  might be even higher for the reactor with 2 bar of carbon dioxide 
in the headspace. Because of the inhibition effect of carbon dioxide on acetogens, n-butyrate 
consumption is reduced and its proportion may become higher in reactor with carbon dioxide 
headspace. 
From the findings it can be concluded that propionate production can be ceased by 
hydrogen or carbon dioxide (Table 3.2). The propionate concentration increase in the control 
reactor was 1.3 g COD/l with a fraction of 33% on the carbohydrate waste while it remained in 
minor concentrations (< 0.4 g COD/l) in all other headspace manipulated conditions (Table 3.2). 
This is in contrast to our expectation that propionate production could be more favorable 
especially under 2 bar of hydrogen since the reaction requires 2 mols of hydrogen with 1 mol of 
glucose (equation 3.5 in Table 3.3) (Angenent et al., 2004).
Results obtained in this research showed that initial hydrogen partial pressure up to 2 bar 
did not limit acetate and n-butyrate production reactions from the carbohydrate, protein and lipid 
rich substrates. This is in contradiction with the fact that hydrogen can thermodynamically limit 
fermentation reactions when it accumulates in the headspace (Rodriguez et al., 2005). In mixed 
cultures, syntrophic communities are required to avoid hydrogen partial pressure increase in the 
headspace and to allow continued production of acetate and n-butyrate (Stams & Plugge, 2009). 
Similar mechanisms also apply for amino acid fermentation. Amino acid pairs can be degraded 
when they are coupled with hydrogen producing and hydrogen consuming reactions (Stickland 
reactions) to avoid hydrogen accumulation. Single amino acids can be fermented in a process that 
requires the presence of hydrogen-utilizing bacteria such as methanogens (Ramsay &
Pullammanappallil, 2001). Degradation of long-chain fatty acids is also only possible at low 
hydrogen partial pressure (Sousa et al., 2007). 
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Hydrogen is involved in many reactions and it can shift the reaction equilibrium. Because 
acetate and n-butyrate formation from glucose are accompanied by hydrogen production 
(equation 3.6 and 3.7 in Table 3.3), our expectation with the high hydrogen partial pressure was 
that monomer degradation would be towards more reduced compounds such as alcohols or n-
caproate. It is not clear why n-butyrate and acetate production reactions were more favorable 
under a headspace of 2 bar hydrogen in headspace. This raises the question whether hydrogen 
serves as electron donor in our experiments in the electron carrier system together with protons as 
electron acceptor. Studies with single culture fermentation showed that depending on 
environmental conditions, bacteria can use other electron carrier systems apart from the 
proton/hydrogen couple, such as proton/formate (Müller et al., 2010). Mixed cultures, apparently, 
can tolerate high hydrogen partial pressure if not produced via fermentation reactions and can 
continue to produce acetate and n-butyrate in higher concentrations than under conditions having 
no headspace manipulation. However, as observed by Steinbusch et al. (2011), an even longer 
incubation period (>30 d) might have led to additional adaptation of microorganisms and reactions 
towards the more reduced C6 or C8 carboxylates. As a matter of fact, we did observe the onset of 
H2 consumption in the carbohydrate fermenter under increased H2 pressure after 2 weeks of 
incubation, with the concomitant production of n-caproate.
The experiments showed various effects of the presence of hydrogen and carbon dioxide 
on fermentation product concentration and distribution:
- Adding 2 bar of hydrogen to the headspace increases the total carboxylate production, 
but does not result in selective product formation. Acetate and n-butyrate productions 
were not limited by elevated hydrogen partial pressures in the headspace. On the 
contrary, higher concentrations of acetate and n-butyrate could be generated, albeit in 
equal amounts.
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- Adding 2 bar of hydrogen and carbon dioxide 50:50 (v:v) directed the fermentation to 
acetate production due to homoacetogenic activity. 
- Adding 2 bar of carbon dioxide to the headspace favored the n-butyrate production up 
to 70% fraction, after 1 week of incubation. 
- Adding hydrogen and/or carbon dioxide to the headspace ceased propionate production. 
This is contrary to expectation since propionate production from glucose is accompanied 
by hydrogen consumption.
- Even when carbon dioxide is not consumed, it can shift fermentation equilibria when 
present at sufficiently high pressures. 
- Carbon dioxide can thus be used to direct the fermentation to n-butyrate while a mixed 
hydrogen-carbon dioxide headspace yields acetate as major product. Still, it is important 
to note that a compromise often needs to be found between the highest product 
concentration and the highest fraction. While a high fraction may facilitate further 
product purification steps, a minimal concentration level is equally important to develop 
cost efficient processes. 
Although the presented results showed clear effects of headspace modification on 
fermentation reactions, this work should be considered a first step. Further research is required to 
explore the details of the processes concerned and confirm the suggested explanations for some 
of the experimental observations. 
3.4. Conclusions
This study showed that concentrations and fractions of carboxylates can be directed by 
supplying additional hydrogen and carbon dioxide in the headspace in mixed culture fermentation. 
n-Butyrate, n-caproate and total product concentration increases were higher in reactors with 
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modified headspace than in the control reactor while propionate production was ceased. Carbon 
dioxide was not consumed from the headspace but it directed the fermentation process towards 
selective production of n-butyrate within 1 week. Acetate production was selective and in high 
concentrations within 4 weeks under mixed hydrogen and carbon dioxide headspace. A major 
single compound was not found under hydrogen headspace.  
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When you do something, you should burn yourself up completely, like a good bonfire, leaving no 
trace of yourself.
Shunryu Suzuki
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Chapter 4 
Selective carboxylate production by controlling hydrogen, 
carbon dioxide and substrate concentrations in mixed 
culture fermentation
This chapter has been published as:
D. Arslan, K.J.J. Steinbusch, L. Diels, H. De Wever, H.V.M.  Hamelers b, C.J.N. Buisman (2013). 
Selective carboxylate production by controlling hydrogen, carbon dioxide and substrate 
concentrations in mixed culture fermentation. Bioresource Technology, 136, 452 – 460. 
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Abstract
This research demonstrated the selective production of n-butyrate from mixed culture by applying 
2 bar carbon dioxide into the headspace of batch fermenters or by increasing the initial substrate 
concentration. The effect of increasing initial substrate concentration was investigated at 8, 13.5 
and 23 g COD/L with potato processing waste stream. Within 1 week of incubation, n-butyrate 
fraction selectively increased up to 83% by applying 2 bar hydrogen or 78% by applying carbon 
dioxide into the headspace whereas it was only 59% in the control reactor. Although the fraction 
of n-butyrate was elevated, the concentration remained lower than in the control. Both the highest 
concentration and fraction of n-butyrate were observed under the highest initial substrate 
concentration without headspace addition. The concentration was 10 g COD/L with 73% fraction. 
The operational conditions obtained from batch experiments for selective n-butyrate production 
were validated in a continuous process. 
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4.1. Introduction
The ‘carboxylate platform’ concept has been introduced by Holtzapple et al. (1999) to 
generate energy intense chemicals, specifically carboxylic acids, in single stage bioconversion 
processes by using undefined mixed cultures. Since then, a variety of chemical and biological 
conversions in which carboxylates can be used as building block has been shown by different 
researchers. The principle of the platform is a partial anaerobic digestion of organic matters using 
mixed cultures in which mainly acetate (C2), propionate (C3) and n-butyrate (C4) in the aqueous 
phase and hydrogen in the gas phase are produced. It is, however, important to selectively 
produce one end compound or a favorable ratio of a carboxylates mixture in the first stage, since 
this will be the precursor for the generation of the target compounds in the second stage (Li & Yu, 
2011). For example, in the polyhydroxyalkanoate (PHA) production, the type of carboxylates and 
mixture composition produced in the carboxylate platform determines the type of PHA produced 
(Serafim et al., 2008).
Organic waste streams are attractive candidates to use as a substrate for generation of 
biobased chemicals. The main advantage of using waste streams is that they are cheap materials 
(sometimes with no cost or with a gate fee). Anyhow, large amounts of organic waste are being 
generated and need to be treated. Fortunately, fermentation of organic waste materials provides 
both treatment of waste matters and simultaneous generation of carboxylates like acetate, 
propionate and n-butyrate (Gajdos, 1998). 
Organic waste materials are mainly composed of carbohydrate, protein and lipid type 
polymers. Given this complex composition of the starting material, a mixed consortium is required 
to reduce each polymer to valuable end products (Angenent & Wrenn, 2008). Further, using mixed 
cultures makes the fermentation process economically more interesting because of elimination of a 
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costly sterilization process. The overall process becomes more stable and flexible without the risk 
of contamination (Ueno et al., 1995). However, using mixed consortia degrading a complex 
substrate leads to an effluent containing a mixture of various acids and alcohols in different 
concentrations. As a result downstream processing is more challenging which increases the 
production costs of the target products. It is thus crucial to maximize both the concentration and 
the fraction of a single compound in total products. When more than one product is required the 
fermentation process needs to be steered towards a certain ratio of desired compounds.
Increasing concentrations and tuning the product distribution among fermentation products 
can be achieved in several ways. In literature, substrate type, concentration of substrate in the 
fermenter, retention time, reactor design, temperature, and pH were found to alter the 
concentrations and also the type of products. Table 4.1 presents reported product concentrations 
and distributions from different studies in literature. In our previous work, it was shown that 
headspace manipulation with externally added hydrogen and/or carbon dioxide in variable ratios 
can increase product concentrations and result in the selective production of a single compound 
depending on the polymer type in mixed culture fermentation (Arslan et al., 2012). 
Previously, the effect of feed concentration in batch and continuous mode operation on 
fermentation products was investigated by Lim et al. (2008), Gomez et al. (2009), Coats et al. 
(2011) and Badiei et al., (2011) (Table 4.1). These studies aimed to maximize the total 
concentration of carboxylates rather than targeting selective generation of a single compound. Yet, 
in their results it was shown that carboxylate concentrations and distributions were affected by 
changing the substrate concentration in the fermenter. 
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The aim of this work was to investigate the combined effect on the carboxylate product 
spectrum by applying only hydrogen or only carbon dioxide at 2 bar to the headspace at increasing 
substrate concentrations.
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4.2. Materials and Methods
4.2.1. Inocula and waste streams
As inoculum, granular sludge from a potato wastewater anaerobic digester (Opure, Ede, 
the Netherlands) was used. To avoid methanogenic growth during fermentation, the granules 
were first washed with 20 mM potassium phosphate buffer at pH 5 and sieved through 500 μm for 
three times. They were left in potassium phosphate buffer solution overnight at room temperature. 
The next day, the granules were heat-treated by boiling in water for 15 min. 
Carbohydrate rich waste streams were collected from a potato processing company. 
4.2.2. Batch experiments
Batch reactors (5L) with 750 ml working volume were run as described in Arslan et al. 
(2012). The organic waste stream was diluted to 3 different initial substrate concentrations: 8, 
13.5 and 23 g Chemical Oxygen Demand (COD substrate/L) through the addition of basal medium 
solution. The basal medium was prepared according to Philips et al. (1993). To avoid sulfate 
reduction during fermentation, sulfate salts were omitted. The reactors were inoculated with 8 g of 
wet weight (0.6 g Volatile Solids (VS) content) of pre-treated granular sludge. Pressures in the 
reactors were increased to 2 bar by applying only hydrogen or only carbon dioxide. With a 
manometer, the headspace pressure of each reactor was monitored on-line. If the headspace 
pressure dropped during the experiment, it was adjusted back to 2 bar with the same original 
headspace gases. A control reactor was prepared in the same way. However, it was flushed with 
N2 only at the beginning of the experiment and connected to a volumetric gas counter 
(Milligascounter, BnC-Ritter) working under atmospheric pressure. Reactors were stirred at 100 
rpm by a magnetic drive stirrer (Büchi-cyclone 075) and kept at 30°C with hot water circulation. 
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The experiments lasted 30 days with weekly gas and liquid sampling. The sampling amount was 
calculated in a way that the liquid to headspace ratio was not disturbed or no underpressure was 
occurring. 
4.2.3. Continuous experiment
A continuous reactor (5L) with 3L working volume was prepared in the same way as the 
batch reactors. The initial wet weight of inocula in the continuous reactor was kept at the same 
concentration as in the batch experiments. The headspace was flushed with N2 at the beginning of 
the experiment and then connected to a volumetric gas counter under 1 bar of atmospheric 
pressure. The reactor was kept at 30°C with hot water circulation. The reactor pH was initially not 
controlled. When the pH spontaneously dropped to 4, it was kept above 3.9 by dosing 2 M NaOH. 
The hydraulic retention time (HRT) of the reactor was 2 days. The substrate load to the reactor 
was 23 g COD/L.d. Waste was diluted with the same basal medium solution as in the batch 
experiments. The feed tank was kept at 4°C to avoid that fermentation already started inside the 
tank and was continuously stirred to prevent settling of particles. A grinder pump (Cat DK 40, drive 
unit X 1740) was connected in a closed loop to the influent tank and continuously circulated the 
influent solution to reduce the size of the particles coming from the waste material. A peristaltic 
pump (Watson Marlow 520 Du) was used for regular feeding from the loop to the reactor.  
4.2.4. Analysis
Gas samples were collected by using a gas-tight plastic syringe and analyzed in a gas 
chromatograph (Interscience, Thermo Scientific, Trace GC Ultra) equipped with a thermal 
conductivity detector (TCD). H2 content was analyzed with a 2 m stainless steel column packed 
with a molecular sieve 5A (80/100 mesh) using nitrogen as carrier gas at a flow rate of 20 ml/min. 
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Carbon dioxide, oxygen, nitrogen and methane gases were analyzed with a 2 m stainless steel 
HayeSepQ (80/100 mesh) and molecular sieve 5A (80/100 mesh) column connected in series with 
a valve. Helium was used as carrier gas at a flow rate of 15 ml/min. 
Liquid samples were collected from the stirred bioreactors and influent tank and 
centrifuged for 5 min at 10000 rpm to remove particles. Volatile fatty acid (VFA) samples were 
acidified with 1:1 (v/v) H2SO4 solution and then extracted with diethyl ether. VFAs were analyzed 
in a GC (Interscience, CE Instruments, Focus GC) equipped with a flame ionization detector (FID) 
and a 15 m AT-1000 filled capillary column (0.53 mm x 1.2 μm). Helium was used as carrier gas at 
a constant flow of 6 ml/min. Acetone, ethanol and propanol were analyzed in the headspace of the 
samples at 60°C with the same GC fitted in split mode with a split/splitless injector and AT-WAX 
capillary column (60m x 0.32mm x 1.00μm). Helium was used as carrier gas with a flow rate of 1.6 
ml/min. Lactate was analyzed with a GC (Interscience, CE Instruments- Trace GC) equipped with 
FID detector in split mode with split/splitless injector and AT-1 capillary column (30m x 0.53mm x 
5μm column). Samples were first treated with Ce(SO4)2 at 60°C for 10 min to convert lactic acid 
into acetaldehyde which was then analyzed in the headspace. 
Waste streams were analyzed with the Phenol-sulfuric method (Dubois et al., 1956) at 485 
nm wavelength to determine the carbohydrate concentration. Protein content was measured with 
the Total Kjeldahl Nitrogen method, by multiplying NH4-N concentrations with a factor of 6.25 
(Pierce and Haenisch, 1948). Total and volatile solid contents were analyzed as described in 
Standard Methods (APHA, 1995). Total Chemical Oxygen Demand (CODt) was determined with Dr. 
Hach Lange cuvette tests. Soluble COD (CODs), NH4-N and PO4-P concentrations of samples were 
analyzed with Dr. Hach Lange cuvette tests after filtration of the samples at 0.45 μm. 
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4.2.5. Calculations 
Hydrolysis degree, COD recovery and fractions of products were calculated with the 
formulas mentioned by Arslan et al. (2012). The reaction Gibbs free energy values (?G'r) under the 
actual environmental conditions were calculated by equation. (4.1).  
?G'r = (??G°f_products - ??G°f_reactants) + R.T. ?i (vi ln ci)                    (4.1)
where vi is the stoichiometric coefficient and ci is the concentration for each reactant and 
product. Standard Gibbs free energy values (?G°f) of components were taken from Amend and 
Shock (2001). For the calculations, it was assumed that the reactions reached thermodynamic 
equilibrium. Glucose, acetate, propionate and n-butyrate concentrations were set to 1M, hydrogen 
and carbon dioxide pressure to 1 bar and 5 bar, pH to 5 and temperature to 30°C. The 
calculations were set up assuming unlimited hydrogen supply and with the substrate as sole 
carbon source.
4.3. Results and Discussions
The objective of this study was to investigate the impact of applying 2 bar of 100% 
hydrogen and 2 bar of 100% carbon dioxide in the headspace on the fermentation product 
spectrum at increasing substrate concentration. Firstly, thermodynamics of the fermentation 
reactions were determined to evaluate the impact of hydrogen and carbon dioxide on reactions 
from glucose to acetate, propionate and n-butyrate. Glucose was used as substrate in the 
reactions as it is the monomer of the starch type substrate which constituted the waste streams 
used in the subsequent tests. Next to the thermodynamic calculations, batch and continuous 
experiments were performed to evaluate fermentation product spectrum. 
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4.3.1. All carboxylate production reactions from glucose are thermodynamically feasible
There are several factors that regulate fermentation reactions such as microbial 
consortium, kinetics and thermodynamics (Lee et al., 2008). Thermodynamic calculations were 
thus used to demonstrate under which headspace conditions the VFA generating reactions are 
feasible. The changes in ?G'r values of reactions from glucose conversion to acetate, propionate 
and n-butyrate production were studied under 1 and 5 bar hydrogen partial pressures as a 
function of carbon dioxide partial pressure.
Figure 4.1 shows that all reactions were below the threshold value of -20 kJ/mol under all 
the selected headspace conditions. Hence, they occur spontaneously under the selected actual 
conditions. From a thermodynamic point of view, it can thus be anticipated that each product has 
a similar potential to be formed since each reaction yields approximately the same amount of 
energy. This also explains why in a non-sterilized environment mixtures of carboxylates will be 
generated in similar concentrations.
In general, the effects of hydrogen and carbon dioxide partial pressures on the studied 
reactions were negligible. Because hydrogen and carbon dioxide are produced in reactions R1 and 
R3, increasing the hydrogen and carbon dioxide partial pressure has an adverse effect on the 
reactions ?G'r values but they still remain in the exothermic zone, even at partial pressures up to 5 
bar. Among the 3 reactions investigated, glucose conversion to propionate (R2) was 
thermodynamically the most favorable reaction. Because no carbon dioxide is involved in R2, its 
partial pressure evidently has no impact on the ?G'r value.
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Figure 4.1. Gibbs free energy change of reactions from glucose to acetate, propionate, n-butyrate 
under 1 bar and 5 bar hydrogen partial pressure as a function of carbon dioxide partial pressure. 
Note: The hollow dots indicate 1 bar hydrogen partial pressure and the filled dots indicate 5 bar 
hydrogen partial pressure for each reaction. 
glucose + 2H2O ?  2 acetate- + 2H+ + 4H2 + 2CO2 ?G°'r = -216 kJ/mol (R1)
glucose + 2H2 ? 2 propionate- + 2H+ + 2H2O ?G°'r = -364 kJ/mol (R2)
glucose ? n-butyrate- + H+ + 2H2 + 2CO2 ?G°'r = -266 kJ/mol (R3)
Energy calculations showed that all carboxylates production reactions from glucose are 
feasible and that tuning hydrogen and carbon dioxide levels in the headspace is not sufficient to 
direct fermentation reactions towards a single product. This makes it more difficult to know how to 
drive fermentation reactions from real organic waste. 
Propionate
Acetate
-100
-200
-300
-400
n-Butyrate
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4.3.2. Carboxylates were the main fermentation products
As a substrate, a real organic waste stream from a potato processing industry was used. As 
can be seen from Table 4.2, the characteristics of the waste material batches varied although they 
were collected from the same point of the industrial process. This caused extra variations in 
product spectrum apart from the controlled parameters. However the reason of using real waste 
streams instead of pure substrates such as glucose was to obtain scalable results and increase the 
practical relevance of the study. Although waste composition differed among the batches, the 
control reactors always produced a mixture of carboxylates and changes in product spectrum due 
to the modified headspace could be evaluated for each case. 
The incoming waste often contained lactate concentrations above 1 g COD/L and lactate 
concentration in the incoming feed changed with the waste stream collected at different times. 
Typically, lactate was consumed. 
In all experiments, total carboxylates constituted over 85% of the total products and the 
main carboxylates were acetate, propionate and n-butyrate. Alcohols and n-caproate (C6) were 
lower than 10%, except for a few cases. Ethanol was the main alcohol product. Methane was not 
detected in any of the experiments.
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Table 4.2. Characteristics of waste streams collected from potato processing industry*
Analysis
1st collection
Batch exp. 1 
& 2
2nd collection
Batch exp. 3 & 
Continuous exp.
days 0 - 16
3rd collection 
Continuous 
exp.
days 16 - 58
4th collection 
Continuous exp.
days 58 - 64
TS (mg/g) 36.7 (1.2) 64.5 (0.5) 47.1 (0.4) 36.5 (1.4)
VS (mg/g) 30.8 (4.5) 56.1 (1) 870 (1.2) 852 (9.9)
Carbohydrate (g/kg) 22 (16) 13.2 (0.7) 20.6 (3.0) 9.9 (0.8)
Protein (g/kg) 5.9 (0.2) 7.3 (0.2) 6.2 (0.3) 4.1 (0.2)
Lipid (g/kg) 0.2 (0) Not measured Not measured Not measured
Total COD (g/kg) 26.4 (0.7) 67.5 (2.6) 48.6 (2.4) 32.9 (2.3)
*Concentrations are mean values and standard deviations are shown in brackets. Results are presented on wet 
weight basis.
4.3.3. External hydrogen addition increased total carboxylate concentrations
Figure 4.2 illustrates that applying a 2 bar hydrogen partial pressure into the headspace 
increases total carboxylate production after 4 weeks of incubation with approximately  1.5 g COD 
compared to the control with initial substrate concentrations of 8 and 13.5 g COD/L. For these two 
experiments, hydrogen consumption from the headspace was  0.8 g COD and  0.5 g COD. This 
indicates that the increase in carboxylate concentrations was well above the COD consumption as 
hydrogen from the headspace. The difference is due to  the higher hydrolysis degrees obtained 
under 2 bar of hydrogen compared to the control reactors (Table 4.3). At the highest initial 
substrate concentration, the total carboxylate increase was  0.7 g COD higher than in the control 
reactor and hydrogen consumption was  1 g COD. 
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Total carboxylate production was elevated not only by applying external hydrogen. By 
increasing the substrate concentration from 8 g COD/L to 23 g COD/L, under hydrogen headspace, 
the increase in the concentrations of acetate and n-butyrate was 2 times higher than the increase 
in the control reactor except for the control reactor in the 23 g COD/L experiment. However 
fractions in total remained the same in all experiments after 4 weeks of incubation. n-Butyrate 
fraction remained at around 42% and acetate at 33% (Figure 4.2 and Table 4.3). This indicates 
that the product distribution was mainly determined by the hydrogen in the headspace. Because a 
major single carboxylate was not found by applying 2 bar of hydrogen, it seems that hydrogen 
supply to the headspace is not promising for selective production of a single compound.
n-Butyrate and acetate were always the main products with 2 bar hydrogen headspace 
while propionate was never observed at fractions higher than 10%. The change in the control 
reactor spectrum was sometimes quite big at different substrate concentrations. At the lowest 
substrate concentration test, for instance, acetate and propionate were the major products. The 
propionate fraction reached up to 33%. When substrate concentration increased, the fermentation 
type shifted from acetate–propionate to acetate–n-butyrate. The final n-butyrate concentration in 
the highest substrate concentration experiment reached up to 10 g COD/L with a 68% fraction of 
the total products. In a mixed culture environment, a shift in populations can occur due to a 
change in environmental conditions or chosen operational parameters. Such a shift can be a result 
of a different pH and/or hydrogen partial pressure of the system (Vavilin et al. 1995). For example, 
n-butyrate producing organisms dominated a microbial population at a pH lower than 5, whereas 
acetate and propionate producing organisms were predominant at a pH higher than 5.5 (Fang &
Liu, 2002).
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Figure 4.2. Concentrations and fractions of acetate, propionate and n-butyrate on COD basis after 
1 week and 4 weeks at 2 bar hydrogen, 2 bar carbon dioxide headspace and (c) control reactors at 
initial substrate concentrations (a) 8 g COD/L, (b) 13.5 g COD/L and (c) 23 g COD/L. Note: Fractions 
higher than 10% are mentioned on the columns.
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In our experiments, the pH dropped to 4.2 for both reactors which resulted both in high 
propionate and high n-butyrate concentrations. So it is assumed that the pH is had a minor effect 
on the product type (Table 4.3). Hydrogen partial pressure levels, however, differed. With 
increasing substrate concentration the produced hydrogen in the headspace was increased. 
Thermodynamically, propionate production was expected to be favorable at elevated levels of 
hydrogen since it is accompanied with hydrogen consumption (R2) (Agler et al., 2010). However, 
we never observed propionate in any of the hydrogen applied headspace cases. Our results thus 
show that although thermodynamically it is favorable, propionate production is not always higher 
at a high hydrogen partial pressure. This is confirmed by the control experiment. There we 
observed also that fermentation reactions shifted from propionate to n-butyrate when the 
produced amount of hydrogen increased. 
The variations in the waste composition might also cause changes in product distribution or 
concentrations as observed for the product spectrum differences in the control reactor (Figure 
4.2). For instance, in the experiment with the highest substrate concentration, the hydrolysis 
degrees were equal to 100% for both the 2 bar hydrogen and the control reactors whereas this 
was not the case for the other experiments (Table 4.3). This shows that the organic waste which 
was collected the 2nd time was more easily hydrolyzed and degradable comparing to the first batch 
of waste material. This might also have reflected in the shift from propionate to n-butyrate. 
In the 2 bar hydrogen reactor an increase in longer chain carboxylates was observed. n-
Caproate was the 3rd main product after acetate and n-butyrate produced in the hydrogen 
headspace systems. The highest n-caproate production, 0.8 g COD/L reaching up to 11%, was 
observed with the lowest substrate concentration within 4 weeks of fermentation whereas it did 
not occur in the control reactor. 
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Microorganisms can use VFA as electron acceptor and hydrogen or ethanol as electron 
donor to generate medium chain fatty acids such as n-caproate (Steinbusch et al., 2011). These 
reactions are described as:
acetate- + 2 ethanol ?  2 n-caproate- + 2H2O ?G°'r = -79 kJ/mol (R4)
acetate- + H+ + 2H2 ? ethanol + H2O ?G°'r = -9 kJ/mol (R5)
3 acetate- + 2H+ + 4H2 ? n-caproate- + 4H2O ?G°'r = -177 kJ/mol (R6)
acetate- + n-butyrate- + H+ + 2H2 ? n-caproate- + 2H2O ?G°'r = -48 kJ/mol (R7)
The presence of hydrogen is thermodynamically favorable for formation of more reduced 
products such as ethanol and caproic acid (with a higher degree of reduction). In our experiment, 
ethanol was not consumed; on the contrary, ethanol production for each hydrogen reactor was at 
least 2 times higher than in the control reactors (Table 4.3). Since hydrogen was consumed and 
ethanol and n-caproate were formed, the likely explanation is R4  might have coupled with R5. n-
Caproate production could also have occurred via R6 and/or R7 by using hydrogen, acetate and n-
butyrate. In the end, elevated ethanol production together with n-caproate production under 
hydrogen pressurized headspace supports the fact that chain elongation of short chain fatty acids 
like acetate and n-butyrate in the presence of hydrogen is possible as was mentioned by Ding et 
al. (2010) and Steinbusch et al. (2011). 
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4.3.4. External carbon dioxide addition favored n-butyrate production at low substrate 
concentration 
Applying 2 bar of carbon dioxide to the headspace resulted in a lower total carboxylate 
production after 1 week of incubation when compared to the control reactor. This can be due to 
inhibitory effect of carbon dioxide as also discussed in our previous study (Arslan et al., 2012). 
However, after 4 weeks of incubation, such effects were no longer visible. The total 
carboxylate production in the reactors under 2 bar carbon dioxide was either slightly higher than in 
the controls for the 8 and 13.5 g COD/L substrate concentration experiments. Total carboxylates in 
the 2 bar carbon dioxide reactor were even similar to the control for the 23 g COD/L substrate 
concentration condition (Figure 4.2). This might be due to the higher levels of hydrogen 
production and subsequent consumption from the headspace in the control reactor of the last 
experiment. Indeed, in the 8 and 13.5 g COD/L substrate concentrations experiments, hydrogen 
productions were negligible in both control reactors. In the experiment at the highest substrate 
concentration however, the hydrogen fraction in the headspace of the control reactor reached 
27% and dropped to 4% by the end of the experiment due to consumption. Another reason might 
be that in the highest substrate concentration experiment, as mentioned earlier, the composition 
of the waste was different and it was observed that this waste batch was more easily degradable 
as shown from hydrolysis degree calculations. This indicates that for this experiment kinetics were 
different. Carbohydrate conversion to carboxylates, hydrogen and carbon dioxide was faster in the 
last experiment than for the experiments run with the previously collected waste material  
Applying 2 bar carbon dioxide to the headspace reactors changed product fractions and 
concentrations compared to the control reactors (Figure 4.2). The main product was always n-
butyrate. Especially in the 1st week of the experiments, there was a significant selective n-butyrate 
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production with fractions reaching up to 78% with the 8 g COD/L and 13.5 g COD/L initial 
substrate concentrations. After the 1st week, the acetate production rate increased, so n-butyrate 
fraction in the total carboxylate production dropped to approximately 50% for these 2 
experiments, while it was only 17% in the control reactors. Concentrations of n-butyrate were also 
3 to 4 times higher than in the control reactors. Carbon dioxide consumption in the 8 and 13.5 g 
COD/L substrate concentration experiments were 5.6 and 12.3 mM which was rather low 
compared to the total product concentrations.  Even when carbon dioxide consumption in the 
reactions was not significant, the presence of such a high carbon dioxide partial pressure can shift 
the equilibria of reactions and impact the product spectrum if it is present at sufficiently high 
pressure (Arslan et al., 2012).
At the initial substrate concentration of 23 g COD/L, the n-butyrate fraction and 
concentration in the 2 bar carbon dioxide reactor was lower than in the control reactors. In the 
former, the n-butyrate fraction was only 48% while it was 73% in the control and its concentration 
remained 3 g COD/L lower than in the control reactor. This shows that the effect of carbon dioxide 
was less outspoken at the elevated initial substrate concentrations. High levels of substrate 
concentrations apparently already drove fermentation reactions to production of n-butyrate even 
without carbon dioxide addition.
4.3.5. There are two ways to steer organic waste fermentation towards n-butyrate  
n-Butyrate is a valuable carboxylate compound which can be used directly in the chemical, 
plastic, and textile industry or can be used as substrate for the production of fuels such as butanol 
(Zigova & Sturdik, 2000). 
In this study, it was thus found that n-butyrate production could be selectively increased 
under two conditions: (1) by applying carbon dioxide in the headspace if substrate concentration is 
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below 13.5 g COD/L, (2) by sufficiently increasing substrate concentration without any headspace 
modification. Under the 1st condition, the n-butyrate fraction could be selectively increased as high 
as 75% but the n-butyrate concentration remained low. Under the 2nd condition, both n-butyrate 
concentration and fraction could be increased. In both ways, it seems that a 1 week incubation 
period is enough to achieve selective n-butyrate production higher than 70%. 
Common knowledge of the acetate-n-butyrate type fermentation is that acetate production 
from glucose yields 4 ATP and n-butyrate yields 3 ATP (Kleerebezeem & Stams 2000; Zhang et. 
al., 2009). Because acetate production provides more energy it is more likely that acetate is mainly 
produced in the growth phase (R1). In the mean time, hydrogen and carbon dioxide accumulate in 
the system which may lead to a shift from acetate production to n-butyrate since n-butyrate 
production generates less hydrogen (R2). However, in this study, the opposite occurred.
A reason for the high n-butyrate concentrations and fraction at the beginning of the 
experiments might be that acid forming bacteria fermenting glucose to propionate and n-butyrate 
are faster growing organisms than acetate producers (Mosey, 1983, Mohan et al., 2007). 
Therefore acetate production started later with assimilation by slow-growing acetogens. 
Another reason might be the high lactate concentration in the waste material. Lactate 
concentrations were 0.9 g COD/L in the first, 1.5 g COD/L in the second experiment and 2.2 g 
COD/L in the last experiment. In the experiments where the influent had the lowest lactate 
concentrations, the n-butyrate concentrations were indeed lower comparing to the experiment 
with high lactate concentration in the feed. A study by Kim et al. (2012) showed that addition of 
lactic acid into a feed together with glucose, increased n-butyrate production almost 30% in a 
batch-wise fermentation process. Conversion of lactate to n-butyrate was previously observed with 
single anaerobic bacteria by Duncan et al. (2004) and with a mixed consortium by Brummeler &
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Koster (1989). With the mixed consortium, first 1 mole of glucose is converted to 2 moles of 
lactate then to 1 mole of n-butyrate (R8). This reaction occurs at pH values higher than the pKa 
value of n-butyrate/butyric acid (pH>4.8). n-Butyrate formation from lactate for the low pH range 
was described according to R9 in Agler et al. (2011). However, our results do not match with the 
stoichiometry of R9. Besides, R9 is only favorable when it is coupled with acetate reduction (R10) 
(Agler et al., 2011). As such, hydrogen partial pressures can be kept low enough by R10 or other 
hydrogen consuming reactions to keep the R9 thermodynamically feasible. In our study, during the 
n-butyrate production period, acetate and hydrogen were not consumed however, so this route is 
less plausible. We do realize that the production of hydrogen could have been equal to the 
consumption of hydrogen for the production of n-butyrate. This makes it rather difficult to 
determine the exact mechanism for its production. The observed hydrogen and carbon dioxide 
production levels were also too low if you assume that n-butyrate was produced only  via R3. 
Therefore, n-butyrate might have been formed through a combination of R3 and R8 within the first 
week of incubation. The produced hydrogen and carbon dioxide from R3 and R8 might then have 
been consumed within other intermediate fermentation reactions. Finally, butyric acid production 
might have stopped when its concentration reached inhibitory levels. These amounted to 50 mM 
for mixed culture fermentation (van den Heuvel et al., 1992). 
glucose ? 2 lactate- ? n-butyrate- + H+ + 2H2 + 2CO2 (R8)
2 lactate- + H+ ? n-butyrate- + 2H2 + 2CO2 ?G°'r = -209 kJ/mol (R9)
2 acetate- + H++ 2H2 ? n-butyrate- + 2H2O ?G°'r = -48 kJ/mol   (R10)
The other way to increase the n-butyrate fractions and concentrations is to apply high 
substrate concentration without adding external headspace. Here, our observations are in line with 
literature. Increase in n-butyrate concentration with increasing substrate concentration was for 
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instance also observed by Fang et al. (2006) in a batch-wise reactor. The highest n-butyrate 
concentration of 61 mM was obtained at high substrate concentration. 
4.3.6. Batch results were confirmed in continuous mode
A continuous reactor was run to validate the results obtained in the batch experiments. 
Such validation is crucial as for practical applications a continuous reactor is preferred because it 
(i) is easier to operate, (ii) allows steady state operation under optimal conditions, and (iii) is more 
robust to perturbations. According to the batch experiments, n-butyrate production could be 
maximized to 10 g COD/L with almost 73% fraction without applying external hydrogen or carbon 
dioxide (Table 4.3). This result was obtained within 1 week of batch fermentation. Therefore, 2 
days HRT was considered to be enough for the continuous test. The pH of the system was 
regulated at 4.0, since this was the pH of the batch reactor where n-butyrate reached its 
maximum levels. Besides, from an economical point of view, regulating the pH around 4.0 would 
reduce the base consumption compared to higher pH values.
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Figure 4.3 represents the product distribution and the concentrations for 64 days of 
operation. Carboxylate concentrations continuously increased until 25 days after the start-up. 
Due to technical problems with the grinder pump of the feeding tank, the amount of total fresh 
solids entering to the reactor was less in between the days 25 and 40 than before. In this 
period, carboxylate production declined somehow. Once the problems were solved, the 
production increased further and leveled off in the last 10 days of the experiment. The average 
COD recovery in this final period was 95% (-/+25%) and the average carboxylate concentration 
increase was 12.3 g COD/L. 
Most important results were that selective n-butyrate production was achieved in the 
first 40 days of the run (Figure 4.3). The average n-butyrate concentration increase was 5.7 g 
COD/L. This constituted 92% of the total carboxylate production which is in fact, comparable 
with single culture conversion results under sterilized conditions. However, in this stage, the n-
butyrate concentration was lower than in the batch experiment with the same condition (Figure 
4.3). The mechanism of n-butyrate production might have been R3 together with R8, since  
both glucose and lactate were consumed. However, in that case more hydrogen and carbon 
dioxide should have been formed. Maybe the produced hydrogen and carbon dioxide from R3 
and R8 was consumed within other intermediate fermentation reactions. Since acetate 
consumption was also observed in this stage of the experiment, R9 and R10 could take place as 
intermediate reactions. In these two reactions lactate and acetate are consumed together with 
hydrogen to produce n-butyrate.  
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Figure 4.3. Concentration change of carboxylates, lactate and headspace products as a function 
of time in the continuous experiment. Negative COD concentration is the amount of the 
consumed constitutes which was available in the incoming waste. Note: Arrows indicates that the 
system was run with freshly collected waste material.
The highest n-butyrate concentration was generated after 40 days of the continuous 
experiment. When lactate and acetate concentration in the feed dropped to 0, the average n-
butyrate concentration increased from 5.7 g COD/L to 9 g COD/L. This was the highest and also 
the potentially inhibitory level of n-butyrate obtained in the batch experiment. In the mean 
time, acetate production started and the fractions of n-butyrate dropped. As a result, the 
selectivity of n-butyrate production decreased from 92% to 74% (data not shown). In this 
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period of the experiment, the H2 yield was 0.45 mol/g sugars converted. Continuous production 
of n-butyrate at the highest concentration under the selected conditions was thus validated for 
60 days. However, when aiming at the production of valuable biochemicals, rather than the 
highest concentration, obtaining the highest fraction of one compound could be more desirable 
since product separation is easier. Hence, it is more interesting to maintain the conditions of the 
first 40 days of the continuous experiment. For that, acetate producers could be washed out by 
reducing the HRT. 
The increasing n-butyrate fraction and concentration with the elevated substrate 
concentrations can be explained by the difference of available electrons levels. Under the 
condition of high fresh substrate concentration, the amount of available electrons/reactor 
increases. The vast amount of electrons/reactor leads to a shift in reactions towards more 
reduced compounds such as n-butyrate. This finding was also observed in the study of Badiei et 
al. (2011). They found n-butyrate with fractions higher than 70% at increasing substrate 
concentration daily fed into the reactor. The amount of electrons readily available in the reactor 
also depends on the HRT and type of substrate material. At longer HRTs or even at shorter 
HRTs but with increasing organic load and easily hydrolyzing waste materials, reactions can 
shift towards even more reduced compounds. For instance, Lim et al. (2008) observed n-
caproate instead of n-butyrate at increasing organic loadings of food type waste at higher HRT 
values than in our study. The amount of available electrons in the reactor might also change 
the dominant microbial population in the reactor and cause a shift in product spectrum towards 
n-butyrate formation.  
Acetate production remained negligible compared to n-butyrate production and only 
started in the last 25 days of the experiment (Figure 4.3). Simultaneously, a slight decrease in 
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hydrogen partial pressure was observed. It could be that homoacetogens  produced acetate 
from hydrogen and carbon dioxide which were produced from the waste material. However, the 
amount of consumed hydrogen was not enough to generate the acetate produced and no 
decrease in the carbon dioxide was observed. In fact, also in the batch experiments n-butyrate 
concentrations were higher than acetate at the beginning of the experiments. As also explained 
earlier, this might be due to slow-growing acetogens comparing to n-butyrate and propionate 
forming bacteria.
Another remarkable thing is the correlation between propionate production and lactate 
consumption. At the point where lactate concentration in the incoming waste decreased, 
propionate concentration increased from 0.4 g COD/L to 1 g COD/L (Figure 4.3). In the 
meantime, 4 mM of hydrogen was consumed from the headspace. When lactate concentration 
in the waste elevated again propionate disappeared in the reactor and the hydrogen 
consumption stopped. Propionate was thus assumed to be produced from hydrogen and 
glucose because the amounts of consumed hydrogen and produced propionate fit the 
stoichiometry of R2. 
Overall, this experiment achieved continuous n-butyrate production with high selectivity 
(92%) for over a month with organic waste substrate. Still it is difficult to determine the exact 
conversion mechanism of each product since the analyzed concentrations only reveal a net 
production or consumption and the overall conversion rates, but not the individual production 
and consumption of each compound.  
4.4. Conclusions
Thermodynamics indicated that carboxylate production reactions from glucose are all 
spontaneous under standard conditions and increasing hydrogen or carbon dioxide up to 5 bar 
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is not enough to direct mixed culture fermentation towards a single product. Our experiments 
showed that hydrogen or carbon dioxide in headspace helps selective carboxylate formation. n-
Butyrate fraction increased under 2 bar carbon dioxide in headspace. At elevated substrate 
concentrations, effect of carbon dioxide on n-butyrate formation was limited and n-butyrate 
increased without headspace manipulation. This research demonstrated two methods for 
selective n-butyrate production in batch mixed culture processes and validated the results in 
continuous operation.
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I don’t make plans. I just let life come and find me.
Morrissey
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Chapter 5
In-situ carboxylate recovery and simultaneous pH control 
with tailor-configured bipolar membrane electrodialysis 
during continuous mixed culture fermentation
134
Abstract
Anaerobic fermentation of organic waste streams by mixed culture generates a mixture of short 
chain carboxylic acids. To avoid inhibitory effects of the acids or their consumption in internal 
conversion reactions in the mixed culture environment, in-situ recovery of acids can be 
beneficial. In this study, electrodialysis with bipolar membranes (EDBM) was applied to a mixed 
culture fermentation on organic waste streams using a novel EDBM stack with “direct contact” 
operation mode. We could demonstrate simultaneous recovery of carboxylates from the 
fermenter by the EDBM stack and in-situ generation and transport of hydroxyl ions to the 
fermenter allowing direct pH control. Experiments showed productivity increase after EDBM 
coupling to the fermenter, and complete elimination of external base consumption. It was also 
observed that EDBM was able to drive the mixed culture fermentation towards acetate and 
propionate type of carboxylate production.  
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5.1. Introduction
Organic waste streams can be converted to valuable carboxylic acids such as acetic, 
propionic and butyric acid for industrial use using a non-sterile mixed culture fermentation. 
Compared to pure culture fermentation processes, carboxylate production from organic waste 
with mixed cultures is very attractive because substrate costs are reduced and no expensive 
sterilization process is needed. The outcome of the mixed culture fermentation, however, is 
mostly a mixture of carboxylates rather than a single product in high concentration. 
Furthermore, the carboxylate production capacity is generally limited in biological fermentation 
processes. This might be caused by the various metabolic conversions occurring at the same 
time by different organisms or by lower tolerance to inhibition or toxicity. Such limitations can 
be overcome by continuously removing the carboxylates once they are formed in the reactor. 
This approach is called in-situ product recovery (ISPR). Integrating the fermentation process 
with a proper separation technology leads to process intensification and may steer product 
formation. As a result, continuous removal of products may create a driving force for higher 
production rates and higher selectivity of target compounds (Woodley et al., 2008).
Separation of organic acids in-situ can be achieved using several techniques such as 
sorption (Chen & Ju, 2002; Gao et al., 2011) and ion-exchange (Anasthas & Gaikar, 2001), 
liquid-liquid extraction (Alkaya et al., 2009), membrane extraction (Wodzki & Nowaczyk, 2002) 
and electrodialysis (ED) (Wang et al., 2006).
The major advantage of ED technology over other ISPR techniques is that it can supply 
protons or alkalinity by configuring bipolar membranes (BM) in the ED unit. The principle of 
EDBM is based on separation of charged ions in aqueous medium by a series of BM, anion- and 
cation- exchange membranes (AEM and CEM) arranged in alternating pattern in the ED stack. 
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Cations in the feed solution migrate towards the cathode through CEMs and anions migrate 
towards the anode through AEMs. Eventually, ions are concentrated in alternating 
compartments while the feed solution becomes ion-free (Strathmann, 2004). Cations combine 
with OH- and anions with H+ generated by the BM in different product compartments. A 
schematic diagram of a conventional EDBM stack is shown in Figure 5.1a. 
Since the BM generate H+ and OH-, the base required to regulate the pH of a fermenter 
can be reduced or in a best case completely eliminated (Huang et al., 2007). EDBM is thus 
considered as a very suitable technology for ISPR coupling to fermentation as it does not 
introduce any additional salt or toxic chemical for the organism like in crystallization, adsorption 
or extraction (Urbanus et al., 2010). 
The state-of-the-art on the ED and EDBM for organic acids and carboxylates production 
is reviewed in Huang et al. (2007). Principal process parameters to control EDBM are current 
density, stack potential, cross-flow rate, pressure drop, the ion concentration and the pH of the 
incoming solution. Overall efficiency can be evaluated by the process outputs such as energy 
efficiency, ion fluxes, recovery rate and concentrating factor (Zhang, 2011). 
137
(a)
(b)
Figure 5.1. Schematic representation of conventional EDBM system (a) and of EDBM membrane 
configuration for 1 one cell pair as used in this study (b). CEM: Cation exchange membrane; 
AEM: Anion exchange membrane; BM: Bipolar membrane. ERS: Electrode rinse solution; F: Feed 
compartment; P: Product compartment; B: Base compartment. 
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The practical disadvantage of the conventional EDBM system is that all charged 
molecules are transported in relative ratios depending on charge, molecular size and 
concentration, thus the selectivity for the target compound over other ions may be low. Also, an 
intermediate ultrafiltration step might be required to retain the microorganisms in the fermenter 
and prevent clogging and fouling of the EDBM stack. Major limitations of EDBM application in 
industry are the need of expensive membrane maintenance and replacement and electrical 
energy cost (Wang et al., 2011; Iizuka et al., 2012).
Although some major economic problems needs to be overcome for EDBM applications, 
some promising results were obtained with small scale laboratory set-ups for production of 
selected carboxylates in pure culture fermentations and under sterilized conditions. Wong et al. 
(2010) proved up to 75% acetate removal in an E. coli fermentation with coupled EDBM. The 
total volume of base required to regulate the pH was reduced to 50%. Redwood et al. (2012) 
recovered about 50 to 70% of a carboxylate mixture containing 40% n-butyrate, 26% acetate 
and 2% propionate from EDBM coupled to an E. coli continuous fermentation and maintained 
pH control in a 30 day experiment. A reactor not coupled with EDBM yielded only 1 mol of total 
carboxylates whereas up to 5 mol was extracted from a coupled reactor. The majority of papers 
on fermentation set-ups with integrated EDBM are based on single culture fermentations for 
acids like lactic, citric or succinic rather than short chain carboxylates such as acetate, 
propionate and n-butyrate (Lee et al., 1998; Bailly et al., 2001; Wee et al., 2005; Yi et al., 
2008; Wang et al., 2012; Wang 2013). In some studies, base generated in a separate unit and 
is dosed as salt to the reactor or two sequential ED-EDBM systems are used. The first ED for 
product recovery and the second EDBM for base generation by BM (Novalic et al., 2000; 
Habova et al., 2004). 
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There are only few examples in literature from ISPR technology coupled to mixed culture 
fermentation. Agler et al. (2012) demonstrated the in-line recovery of medium-chain mixed 
carboxylates using liquid-liquid extraction. Cheng et al. (2008), Wang et al. (2006) and Vertova 
et al. (2009) studied separation of short chain carboxylates mixtures from waste effluent by 
batch-wise ED operation. Separation of carboxylates in one step EDBM in a mixed product 
spectrum from complex waste feedstock has hardly been studied up to now. 
Hence, the first aim of this work consists of expanding the EDBM technique to a new 
situation, i.e. a mixed product spectrum from a waste fermentation, and evaluating it by 
assessing the most important process parameters current density, stack potential, removal 
capacity, and productivity. The diversity and sophisticated functions of EDBM allow it to be
implemented in a very creative way for ISPR. In this study, a novel membrane stack 
configuration was proposed. Two different types of AEMs were used for selective separation of 
negatively charged carboxylate ions from the fermentation broth while OH- ions were generated 
by BM and transported into the fermentation broth. This “direct contact” operation mode, 
allowed simultaneous carboxylate recovery from and pH control through OH- supply to the 
recirculated fermentation broth. In conventional methods, instead of OH- ions, a base solution is 
generated by BM and collected in an external tank from which it is then dosed to the fermenter 
for pH control. CEM were excluded from the configuration to avoid scaling of divalent ions e.g. 
Ca2+, Mg2+ coming from the fermentation medium on the membrane surface. An associated 
benefit is that this avoided cation removal from the broth. Hence, the proposed EDBM 
configuration mainly affects the anion composition of the recirculated fermentation broth.
In this study, we coupled the novel EDBM stack for the first time in-situ to a carboxylate 
producing mixed culture reactor operated in continuous mode. The targets are to increase the 
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total carboxylate productivity and selectivity by in-situ recovery and simultaneously produce 
sufficient alkalinity to eliminate the external base consumption, and costs of external base 
dosage pump.
5.2. Materials and Methods
5.2.1. Continuous fermentation 
Anaerobic granular sludge collected from an UASB reactor treating wastewater from a 
potato processing company was used as inoculum. As substrate, waste from different potato 
processing stream was used. Waste stream used and operation of the continuous reactor (3L 
working volume) and analytical methods were as described in Arslan et al. (2013). The reactor 
was operated at 2 days hydraulic retention time (HRT) with 23 g COD/L d organic loading at 30 
???? ???? ????? ???? ????????????? ????? ???? ????????????? ????????? ?????????? ??? ????????? ??? ????
(1993) without sulphate. The initial pH of the medium was set to 5 by using mixtures of 4 mM 
monopotassium phosphate and 4 mM dipotassium phosphate buffers and was not further 
controlled during the start-up phase of fermentation. When the pH spontaneously dropped to 
4.7, it was kept at this level by dosing 2 M NaOH. Only when the feed pH was higher than 4.8, 
2 M HCl was added to the reactor. 
5.2.2. EDBM configuration
The laboratory scale ED stack (10 cm x 10 cm) was assembled with 5 cell pairs. Each 
cell pair consisted of a BM (FumaTech, Germany) and 2 AEMs which were a standard AMX 
membrane (Neosepta, Japan) and a PC-200D membrane (PCA, Germany) selective for short 
chain carboxylates. The membrane configuration is presented in Figure 5.1b. In this novel 
EBDM stack, the base compartment (B) was restricted by the AMX and BM membranes. 
Because direct contact of the fermentation broth with BM might cause severe fouling issues, the 
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AMX membrane was placed before the BM for fouling protection. The membrane configuration 
was designed to produce OH- ions by BM and transport OH- through the AMX membrane to the 
fermentation broth in the feed compartment (F) resulting in pH control.  From compartment F 
configured by the AMX and PC-200D membranes, carboxylate and inorganic anions migrated to 
the product compartment (P) through the PC-200D membrane while all the cations were 
retained. Compartment P, formed by PC-200D and BM, produced protons and received the 
mixture of carboxylates and inorganic anions coming from compartment F. Hence, it contained 
carboxylic acids and inorganics. 
The effective surface area of each membrane was 100 cm2. The spacer thickness of the 
rubber gasket and silicone net was 0.2 cm. The EDBM stack consisted of 4 vessels each having 
a submersible pump (Hendor N 11 PP). Electrodes were connected to the constant current 
supply (Delta Electronika SM 60 – 100). The electrode vessel (E) was filled with 5 L 0.5 M 
Na2SO4 solution. 
5.2.3. Off-line (batch mode) EDBM experiments
To obtain sufficient fermentation broth for off-line tests, reactor effluents were collected 
daily between days 20 and 70 of continuous operation. After each collection, effluent was 
centrifuged at 1750 G for 15 minutes and stored at -?????????-line tests were performed under 
3 different constant currents: 0.23, 1.0 and 1.5 A. Vessel F were filled with 5 L reactor effluent 
and vessel B with 5 L 0.1 M NaOH solution. Vessel P was filled with 5 L 0.1 M HCl in the off-line 
test of 0.23 A, and 3 L 0.1 M HCl in the off-line tests 1.0 and 1.5 A. Each off-line test was run 
for at least 2 days. Conductivity measurement was recorded on-line and pH was measured off-
line each day. The flow over vessel F was 30 L/h while it was 50 L/h in vessel P and B. The 
operational conditions of the off-line tests can be found in Table 5.1.
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5.2.4. In-situ coupled experiments
Coupled experiments were performed with the same membrane configuration as the off-
line tests (Figure 5.1b). An ultrafiltration (UF) unit was placed before the EDBM stack to 
separate the cells and large particles from the fermentation broth to avoid blocking the 
membranes. The UF consisted of one module equipped with a tubular PVDF membrane (30 nm 
pore size, 0.025 m2 surface area, Pentair, The Netherlands). The flux was set to 19 L.m2/h, 
corresponding to a filtrate flow of 0.47 L/h. A peristaltic pump (Watson Marlow, 520U) 
circulated the fermentation liquor through the UF unit at a cross-flow velocity of 1 m/s. In 
between the coupling experiments, the recirculation was kept running to avoid volume 
disturbances in the reactor, and the ED stack was circulated with deionized water.
The UF permeate was pumped to the EDBM feed loop with a peristaltic pump 
(Masterflex 7518-10). As opposed to the off-line ED tests, compartment F was replaced by a 
direct feed line of the permeate line from the UF unit to the EDBM stack and back to the 
fermenter. In the EDBM stack, an internal recirculation was provided on the feed line by a 
peristaltic pump (Watson Marlow, 520U) at a flow of 24 L/h in the 1st coupled experiment. In 
the 2nd and 3rd experiments, the flow was decreased to 12 L/h. The total liquid volume of 
reactor, UF unit, feed loop of the EDBM stack and tubing was 4 L. A schematic diagram of the 
reactor coupled with the UF and EDBM units is shown in Figure 5.2.
In each coupled experiment, vessel P was filled with 4 L 0.1 M HCl and vessel B with 4 L
0.1 M NaOH. In the last experiment, to avoid water transfer from compartment B to P, the 
concentration of HCl in vessel P was dropped to 0.05 M HCl in a final volume of 3 L. The liquids 
in the vessels P and B were both recirculated with a flow of 50 L/h. Operational conditions of 
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the coupled tests are presented in Table 5.1. Three coupled tests were executed between day 
78 and 119 of continuous fermenter operation.
Table 5.1. Operational conditions of off-line and in-situ coupled experiments
Current Vessel
Off-line 
experiments
Base Feed Product Electrolyte
1 0.23 0.1 M NaOH (5 L) Centrifuged 
fermentation 
broth (5 L)
0.1 M HCl (5 L)
0.1 M HCl (3 L)
0.1 M HCl (3 L)
0.5 M Na2SO4 (5 L)
2 1.0
3 1.5
Coupled 
experiments
1 0.6 0.1 M NaOH (4 L) Fermentation 
broth after 
UF (4 L)
0.1 M HCl (4 L) 0.5 M Na2SO4 (4 L)
2 0.4 -> 0.25
3 0.3 0.05 M HCl (3 L)
Figure 5.2. A schematic diagram of reactor coupled with UF and EDBM units. 
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Ideally, the pH of the reactor was regulated during the coupled tests by the OH- ions 
generated by the BM. In case the EDBM failed to do so, the separate pH controller on the 
fermenter dosed either 2 M NaOH or 2 M HCl to keep the pH of the reactor at 4.7. 
5.2.5. Calculations 
Current efficiency represents the fraction of current used to transfer the ions through 
the membrane as a function of time. Current efficiency can be calculated as:
?= z. n. F
N.I.t
(5.1)
where z is the charge number (e.g. 1 for acetate and chloride), n is the moles of ions 
transferred (mol), F is the Faraday constant (96485 C/mol), N is the number of cells, I the 
applied current (A), and t is the time of applied current (s). 
Water flux through the product compartment P from the compartment B was calculated 
as:
Jw= dV
Atot
m . dt
(5.2)
where dV is the volume change in compartment P (mL), Atot
m is the total membrane 
surface area (m2), and dt is the time of operation of the EDBM stack. Flux for ions was 
calculated with the same formula by replacing the nominator with the molar change of the 
specific ion taking into account the volume change. 
Productivity of the in-situ coupled EDBM-fermenter system was calculated as:
Productivity=?
((C
ave,reactor-
Cave, influent).Ffeed.t)+mpro
Ffeed.t
? . D (5.3)
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where Cave, reactor is the average concentration of total carboxylates measured in the 
reactor (mmol/L), Cave,influent is the average concentration of total carboxylates in the influent 
tank Ffeed is the feed flow to the reactor (L/d), t is the total duration of the coupling period (d), 
mpro is the total amount of carboxylates accumulated in the product vessel P until the end of 
the coupling (mmol) and D is the dilution rate of the reactor (d-1). 
Mass balance of carboxylates was calculated as: 
Recovery (%)=
Carboxylatesrecovered by EDBM
Carboxylatesrecovered by EDBM + Carboxylatesdiscarded
(5.4)
where Carboxylatesrecovered is the total carboxylates recovered from the reactor by EDBM 
over the period that the EDBM was connected to the reactor (mol), 
and Carboxylatesdiscarded by EDBM  is the total carboxylates discarded from reactor (mol).
5.3. Results and Discussion
5.3.1. Acetate was the major carboxylate in continuous mixed culture fermentation  
Figure 5.3 shows the product spectrum and concentrations generated in the continuous 
fermenter throughout the operation period with and without EDBM integration. Acetate was the 
major compound with concomitant n-butyrate production from fermentation of the waste 
stream under the selected conditions before in-situ recovery was implemented. After a start-up 
period for the fermentation, a peak in carboxylate production could be observed concomitant 
with complete consumption of lactate present in the feed. The average total carboxylate 
concentration was 166 mM in the continuous reactor until day 26. In this period, lactate 
concentration in the incoming waste was around 25 mM. Figure 5.3 shows that lactate in the 
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feed was consumed completely. After day 26, a new batch of waste was fed to the reactor and, 
the average total carboxylate concentration level dropped from 166 mM to 120 mM.  
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5.3.2. Carboxylate flux was comparable at different currents applied in off-line batch EDBM 
experiments
From day 20 to 70, effluent samples were collected for off-line ED tests. In that period, 
acetate and n-butyrate were the 2 major products at average concentrations of 53 mM and 39 
mM respectively. While acetate and n-butyrate were initially produced at comparable 
concentrations, gradually a shift to acetate was observed with lower but often similar 
propionate and n-butyrate levels. These results differ from our previous study (Arslan et al., 
2013), where n-butyrate was the main carboxylate compound over 64 days. The reason is that 
the pH was then kept at 4.0 to promote n-butyrate production, while it was now increased to 
4.7 to provide a higher fraction of charged ions, required for removal by EDBM.
For the off-line tests, 3 current levels were selected. As the limiting current density for 
the stack, and operational conditions had been determined experimentally to be around 150 
A/m2 (1.5 A), these levels were fixed at 0.23, 1 and 1.5 A. Based on carboxylate productivities 
observed in previous continuous fermentations and the use of 5 cell pairs in the ED stack, this 
range was expected to be in the right order to reach an equilibrium between carboxylate 
produced in fermentation and removed through ISPR by EDBM, as aimed for the coupled tests.
Since the 3 off-line tests had a different duration with the shortest one running for 21 h, 
the results will be compared after a similar duration of operation, and not at the end of the 
tests. Figure 5.4 presents the total carboxylate amount as a function of time in vessel P under 
three different constant currents. It was expected to observe a trend with increasing current 
applied. However, except for one aberrant analysis measured for the 1 A case around 25h of 
operation, the amount of carboxylates transferred was quite similar in all cases. Average 
carboxylate fluxes from compartment F to P during the first 21 h of operation were quite 
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comparable and amounted to 0.41 mol/m2.h at 0.23 A; 0.36 mol/m2.h at 1.0 A and 0.49 
mol/m2.h at 1.5 A (Table 5.2).
Figure 5.4. Accumulating carboxylate amounts in product vessels during the offline tests. 
According to flux values it would presume low and similar final carboxylate 
concentrations in the feed vessel but this is not observed. For each experiment, the final 
carboxylate concentration was different. Thus, it was expected to observe the highest fluxes 
would occur at the highest current. The reason might be the total amount of carboxylates and 
the relative composition initially present in the feed differed substantially (Table 5.2). As the 
type of carboxylate and its concentration in the fermenter varied between the 3 mixed samples 
(each collected over 1 week) (Figure 5.3), the test results were compared after normalization. 
When the amount of carboxylates transported was normalized for the initial amount present in 
the feed, the normalized amount increased in the order 1 A – 0.23 A – 1.5 A. Importantly, this 
coincides with a decrease in relative ratio of chloride versus total carboxylates present in the 
0
300
600
900
0 20 40 60 80
To
ta
l c
ar
bo
xy
la
te
s (
m
m
ol
) 
time (h) 
0.23 A 1.0 A 1.5 A
150
 
feed. It is unavoidable to transport chloride since chloride is smaller than carboxylates and the 
second major negatively charged ion in the reactor. Although the PC200D membrane is 
somehow selective for carboxylates, smaller negatively charged molecules will pass though 
membrane too. This explains why a relatively lower level of chloride resulted in relatively higher 
carboxylate transport. 
Table 5.2. Initial feed conditions, current efficiencies and fluxes in offline tests under variable 
applied currents
Applied Current (A) 0.23 1 1.5
Initial carboxylate concentration in feed vessel (mg/L) 12 121 16 486 8 650
Carboxylate/chloride ratio in feed (mol/mol) 3.5 2.5 4.5
Average Carboxylate Flux (mol/m2.h)* 0.41 0.36 0.49
Acetate 0.24 0.22 0.27
Propionate 0.03 0.03 0.05
Butyrate 0.15 0.11 0.17
Average Current Efficiency (%)* 56 38 22
Average Carboxylate Current Efficiency (%)* 48 12 15
Final carboxylate concentration in product vessel (mg/L) 11 538 15 813 9 925
*After approximately 21 h of operation
Because acetate is the smallest molecule and present at the highest concentration 
among the carboxylates in the reactor, acetate flux was the highest comparing to other 
carboxylates (Table 5.2). After acetate, n-butyrate flux was the second highest for the off-line 
experiments. Because propionate concentration was a lot lower comparing to the acetate and 
n-butyrate levels in the effluent, its flux was very low and reached a maximum of only 0.05 
mol/m2.h under 1.5 A.  
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The average carboxylate current efficiencies were 48% at 0.23 A, 12% at 1.0 A and 
15% at 1.5 A. They were higher initially and showed a tendency to drop due to ion depletion in 
the compartment F. When the limiting current density for carboxylates was exceeded, instead 
of carboxylate transport, current was mainly spent on transporting of other anions, mainly OH-
and chloride and water splitting in BM. Also, back diffusion of carboxylates from product 
compartment to feed due to the concentration gradient might occur and these carboxylates 
might be subsequently transported back to product side once more. It should be noted that the 
calculated current efficiency for the 0.23 A test run may be rather inaccurate since the 
measured carboxylate levels were oscillating to some extent, probably due to analytical errors. 
The carboxylates had a major contribution to the overall current efficiencies, which were in the 
range 22-56% and dropped with increasing current applied (Table 5.2). In literature, batch-wise 
EDBM studies with model solution (Habova et al., 2004) and real fermentation broth (Cheng et 
al., 2008) resulted in much higher current efficiencies of 70% - 80% for one major product 
lactate. However, Wang et al. (2006) and Vertova et al. (2009) detected current efficiencies 
ranging between 20% and 50% for separation of organic carboxylates mixtures from waste 
effluent by batch-wise ED operation. In our experiments, we observed a slight biofilm formation 
on the PC200D membrane surface. Thus, membrane fouling can be a reason for the lower 
current densities/efficiencies. Another reason can be co-transport of OH-, some organic and 
inorganic anions from the waste material, which were not analysed. Finally, ‘membrane 
poisoning’ can occur, a type of fouling on AEM due to humic acids in water (Kobus & Heertjes, 
1973). When larger molecules like humic acids cannot pass through the AEM, their 
concentration at the membrane can increase and this may in turn increase the membranes 
electrical resistance.
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As the organic ions were replaced by hydroxyl ions, the pH of the compartment F 
increased to around 12 in each off-line test. Because the off-line tests were run for only 1 or 2 
days, no water transport could be observed.  
5.3.3. Simultaneous in-situ carboxylates removal and pH control was achieved when EDBM was 
integrated into continuous fermenter
After performance of the off-line ED tests and when a rather stable carboxylate 
production was achieved in the fermenter, the EDBM set-up was coupled to the reactor. As a 
result, the average total carboxylate level in the fermenter dropped from 120 mM to 70 mM. 
This is in line with the fact that at pH 4.7, half of the acids are present in dissociated form. 
Table 5.3 presents the recovered amount of carboxylates by EDBM from the reactor during the 
operation period. For the experiment at 0.6 A, it was observed that recovered carboxylates 
were 62%. However in this experiment, pH control was not optimal yet and OH- produced by 
BM was higher than demand. This resulted in more dissociated ions and higher recovery by 
EDBM. Later at 0.4 A and 0.3 A, the recoveries were around 50%. Interestingly, the acetate 
and n-butyrate concentrations in the fermenter dropped and became comparable, while 
propionate concentration remained similar and its relative ratio to the other carboxylates 
increased.
In the proposed novel ‘direct contact’ EDBM concept, the amount of anions removed 
from the EDBM compartment F is balanced by the hydroxyl ions entering it. Hence, recycling 
the compartment F solution to the fermenter allows pH control in the fermenter without 
external base addition. The critical point in such a ‘direct contact’ approach is evidently the very 
close linkage between the organic anion recovery and the generation of hydroxyl ions in the 
BM. As other than the target carboxylate ions will also be removed from the compartment F, 
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the risk exists that hydroxyl ion addition exceeds the level required for pH control. On the other 
hand, the organic waste substrate and fermentation broth with variable composition represent a 
certain buffering capacity also determining the base requirements. The major goal of the 
coupled tests was thus to fine-tune the applied current, such that sufficient carboxylate removal 
was obtained simultaneously with adequate pH control, completely eliminating external base 
addition. 
Table 5.3. Process comparison of test period with and without EDBM coupling and under variable 
applied currents
Applied Current (A) No ED coupled 0.6 0.4 ? 0.25 0.3
Volt over stack 13.2 8.9 ? 6.7 6.7
Average current efficiency for 
carboxylates %
20 10 13
Average current efficiency for 
carboxylates and chloride %
31 18 19
Flux (mol/m2.h)
Acetate 0.20 5x10-2 6x10-2
Propionate 8x10-2 2x10-2 2x10-2
Butyrate 6x10-2 2x10-2 1x10-2
Chloride 0.23 0.17 0.13
Water flux (L/m2.h) 0.19 0.20 0.15
NaOH consumed in reactor (mmol/day) 80 0 0 ? 36 0
NaOH production by EDBM (mmol/day) 273 94 114
HCl consumed in reactor (mmol/day) 0 108 264 ? 0 0
Yield 
(mmol carboxylate/L.d/g CODfed/L.d)
2.23 3.89 2.35 1.85
Recovery of carboxylates (%) 62 56 44
Energy kJ / g carboxylate separated 60 110?25 18
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For the integrated tests, the EDBM set-up was coupled to the fermenter with an 
intermediate UF unit for biomass removal. To avoid any excess base dosing, a preliminary 
coupled experiment was performed at the lowest current (0.23 A), that was evaluated in the 
off-line tests and that was calculated to be in the right range to remove the produced quantity 
of carboxylates. However, under those conservative conditions, no significant effect on external 
base dosing was observed (not shown). As base generation was obviously too low, the 
following coupling test was performed at a near doubled constant current of 0.6 A. Under this 
condition, carboxylates were depleted from the feed loop of the EDBM and also drastically 
dropped in the fermenter (Figure 5.3). The amount of OH- produced by the BM was higher than 
needed (Table 5.3). As a result of this, pH of the reactor started to raise and the external pH 
control system started to add HCl to keep the reactor pH at 4.7 (Table 5.3). This was not how 
the EDBM should be operating. Therefore, the current was reduced to 0.4 A in a second test. As 
external HCl was still added to the reactor, the current was decreased from 0.4 A down to 0.25 
A after 50 h. Under 0.25 A, a slight external NaOH addition was detected, indicating that OH-
production from BM was not sufficient. When the EDBM was temporarily uncoupled, the 
carboxylate level in the fermenter quickly returned to its previous steady state (Figure 5.3). This
is a good indication that a fairly stable carboxylate production must have been maintained 
during the first two coupled tests, in spite of temporarily high HCl addition. In a final third 
coupled experiment, one of the most important targets of this study was achieved. At a slightly 
increased current of 0.3 A, external base addition was completely eliminated (Figure 5.5).
15
5
Fi
gu
re
 5
.5
.
O
n-
lin
e 
pH
 a
nd
 N
aO
H
 c
on
su
m
pt
io
n 
da
ta
 f
ro
m
 c
on
tin
uo
us
 r
ea
ct
or
. 
( 
  
  
  
) 
in
di
ca
te
s 
pH
, 
( 
  
  
  
 )
 in
di
ca
te
s 
th
e 
N
aO
H
 a
dd
ed
 
fr
om
 e
xt
er
na
l p
H
 c
on
tr
ol
 t
o 
th
e 
re
ac
to
r
Co
up
lin
g 
1
Co
up
lin
g 
2
Co
up
lin
g 
3 
156
 
The fastest total carboxylate recovery was obtained at the highest current applied 
(Figure 5.6a). Particularly in the first hours, the ion transport was faster comparing to the tests 
at lower currents. This is also apparent from the current efficiency trends (Figure 5.7). At a 
current of 0.6 A, the current efficiency was 30% for total carboxylate ions in the first 10 hours 
when carboxylates were depleted fast. Later it dropped to lower than 20%. In later experiments 
where current was 0.4 and 0.3 A, the highest current efficiencies both started from much lower 
initial values than 30%. It is important to note though that this corresponded to the use of 
virgin membranes in the first experiment. In later cases, the membranes were saturated with 
ions, which most probably explains why the current efficiency never reached initial values as 
high as 30% any more. For the tests at 0.4 A and 0.3 A the total amount of carboxylates 
transferred was similar and current efficiencies for carboxylate ions were around 12% (Table 
5.3). A current of 0.3 A was thus the optimal condition for in-situ coupling and pH control in this 
set-up, but the current efficiency was low. The current efficiencies for the coupled tests were 
lower than for the off-line batch experiments and low compared to related literature. 
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(a)
(b)
Figure 5.6. Accumulated (a) carboxylates and (b) chloride amounts as a function of time in the 
product vessel for the applied currents. The arrow indicates that the current was decreased from 
0.4 A to 0.25 A in the second experiment
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Figure 5.7. Current efficiency for carboxylates as a function of time in three coupled EDBM 
experiments.
Du et al. (2012) worked with in-situ coupling of ED to single culture fermentation and 
Redwood et al. (2012) with EDBM. Both studies reported current efficiencies around 55%. 
Constant current of 0.05 A was applied in study of Du et al. (2012), while current varied 
between 0.01 A and 0.1 A in Redwood et al. (2012). Some reasons for the low current 
efficiencies were already discussed before, but their effects may be more pronounced in 
coupled tests, because the coupled tests lasted longer than the off-line ones. Another reason 
for the low current efficiency in the coupled experiment might be depletion of available 
carboxylates in the reactor (Wang et al., 2013). At pH 4.7, only half of the carboxylic acids were 
in the dissociated form. In all experiments, half of the total carboxylate products in the reactor 
were transported within the first 15 h. In a higher pH zone, there would be more charged 
carboxylic ions and recovery rate would be higher too.
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Chloride fluxes were as high as carboxylate fluxes and increased as the applied current 
increased. At current 0.6 A and 0.4 A, the chloride amount transported from the reactor was 
higher than the total carboxylates (Figure 5.6b), due to external HCl addition. To which extent 
the anions are separated selectively from each other depends on the membrane selectivity and 
the feed solution itself (Strathmann, 2010). As chloride is the smallest anion, its transport via 
AEM is inevitable and unfortunately no membrane exists to our knowledge that allows only 
carboxylate passage.
5.3.4. In-situ EDBM coupling to fermenter steer the fermentation for selective acetate and 
propionate production
An interesting aspect of coupling EDBM to the fermenter, lies in the potential avoidance 
of side-reactions and alleviation of toxicity. When looking at the yields (Table 5.3) and 
productivities (Figure 5.8) in the various integrated tests, this effect was most pronounced in 
the first coupled test. Carboxylate productivity increased 1.4 times when EDBM was coupled 
and operated at 0.6 A. The lower the applied current, the lower the carboxylate productivity. 
However, currents lower than 0.6 A are preferable, because a better pH control by EDBM was 
realized. 
The low productivity in the last coupling test may have been due to operational issues. A 
problem with influent supply caused lower carboxylate productivities and gas generation (Figure 
5.3). When EDBM was uncoupled, carboxylate productivity was only half of that in the previous 
stand-alone period (Figure 5.8). Hence, the productivity in the third EDBM test probably should 
be compared with that last period of operation without EDBM. Waste fermentation processes 
run with mixed culture are efficient but are sometimes difficult to handle at lab-scale due to 
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clogging issues. Together with waste variability, this is extra challenging for fully integrated 
ISPR testing, as aimed for in this work. 
Figure 5.8. Average carboxylate productivities before, during and after each ED coupling 
Interestingly, the productivity for each carboxylate showed different trends. In the first 
ED test, acetate and propionate productivities selectively doubled while n-butyrate productivity 
remained stable. In the second test, acetate and propionate productivities were only slightly 
higher than in the stand-alone test period, but n-butyrate productivity was only half as high. 
Because acetate and propionate are smaller molecules compared to n-butyrate, they are 
expected to be transported faster. As a consequence, it seems that the removed product was 
produced more in the reactor. This finding definitely needs more investigation, since it is a big 
research question how to drive mixed culture fermentation towards a certain product or 
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combination of products. If this can be achieved by EDBM systems, for sure it will bring another 
dimension to the research field of in-situ coupling to mixed culture fermentation.
5.3.5. Significant water transport towards product side limits the concentration degree of 
carboxylates
As much as separating carboxylates from the fermentation broth, concentrating them is 
crucial for industrial application. In our tests, the maximal concentration obtained in the vessel 
P was 4.5 times the concentrations found in the reactor. Water fluxes in the experiments with 
0.6 A and 0.4 A were equal to each other around 0.20 L/m2.h although current was different. In 
the last experiment at 0.3 A, water flux was 0.15 L/m2.h. Water fluxes are presented for 
different test conditions in Table 5.3. Because of an increasing concentration gradient in 
compartment P against compartments F and B, significant water transport (125 ml/day) 
towards compartment P was realized, proportional with carboxylate ion passage. Around 80% 
of the total water transported was from vessel B. The rest of water increase might be due to 
the passage of H+ and OH- ions produced in the BM and recombine in the product 
compartment. This might also explain why the current efficiency was partially spent for OH- ion 
passage and resulted lower values for carboxylates. 
To reduce the water transport impact, the concentration of HCl solution was reduced 
from 1 M to 0.05 M and the vessel P volume was decreased from 4 L to 3 L in the last 
experiment. Indeed, water flux in the last experiment was less, however not sufficient to 
improve carboxylate levels. Similar studies conducted with EDBM by Redwood et al. (2012) and 
Wang et al. (2013) observed water transport of around 70 ml/day and up to 700 ml/day 
respectively, though Wang et al. (2013) used a smaller membrane area. Huang et al. (2006) 
indicated that electro-osmosis is a main problem of EDBM processes. Apparently, water 
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transport capacity depends on many parameters such as membrane specific resistance, current 
efficiency, type of the ion, concentration gradient between the compartments, etc. (Robbins et 
al., 1996; Okada et al., 1998).
5.4. Challenges  
Carboxylate production via mixed culture processes may reduce the product cost by 
eliminating expensive sterilization processes and avoiding the need of pure substrates. 
However, extra downstream processing efforts are required since carboxylate concentrations in 
the final broth are lower and the target product has to be separated from a more complex 
mixture. Pure culture continuous fermentation systems could reach carboxylate productivities of 
1 mol/L.d with 90% purity (Rogers et al., 2006). Such levels of total carboxylates are not found 
in mixed culture systems, let alone of one specific carboxylate. In this study, average total 
carboxylate of 70 mmol/L.d were obtained on a waste substrate, compared to 44 mmol/L.d in a 
non-coupled reactor. Acetate was the major product at 47% fractions. Based on the test 
results, separation of carboxylates from such fermentation product spectrum will need 18 kJ/g 
carboxylate separated (Table 5.3). The measured purity and separation rates of the coupled 
system are still low and the process is costly compared to today’s conventional carboxylate 
production. As already indicated in Huang et al. (2006), it is not economically and practically 
feasible to apply EDBM to dilute feed solutions. Further research focus should be on reducing 
the adverse impacts of membrane fouling to increase the current efficiency e.g. by applying 
pre-treatment methods to feed solution. Water transport issue needs to be minimized to 
increase intensification of target product. To increase the productivities and purities, the 
integration of other separation techniques to EDBM such as using ion exchange resins (Zhang 
et al., 2011; Du et al., 2012) or using ionic liquids (Lopez & Hestekin, 2013) can be investigated 
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further for in-situ integrated sustainable mixed culture carboxylate production. However, 
combining EDBM with other techniques will increase the production cost further making the 
process less compatible in industry.  
5.5. Conclusions
A novel EDBM concept with “direct contact” operation mode was applied for the first 
time to a mixed culture fermentation on organic waste. In-situ separation of carboxylates could 
be demonstrated with simultaneous pH control in the fermentation. Through stepwise 
optimization, the supply of external base could be completely eliminated. In-situ coupling of 
EDBM to a continuous reactor showed increased total carboxylate productivities. Especially, 
productivities of acetate and propionate were selectively doubled, possibly because they were 
selectively removed from the reactor. In future work, competition with chloride and most 
importantly water transport issues need to be eliminated to achieve higher degrees of up-
concentration.
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You have to do it by yourself and you cannot do it alone.
Martin Rutte
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Chapter 6
General Results and Discussion
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6.1. Introduction
This thesis investigates how to steer the mixed culture fermentation processes towards 
desired end products at high concentration. The focus was set on the impact of three major 
parameters on carboxylate concentration and spectrum: (1) the substrate type and 
concentration in liquid phase (2) the composition and the concentrations of gas compounds in 
headspace and (3) integration of in-situ product recovery to mixed culture fermentation. In this 
chapter, the outcomes of this research, the limitations that we encountered and 
recommendations for applicability of the process will be addressed.
6.2. The impact of substrate type and concentration on carboxylate production
Food wastes generally contain a mixture of carbohydrate, protein and lipid polymers. In 
batch experiments, as a carbon source, 3 industrial organic waste streams different in 
carbohydrate, lipid and protein composition were selected to observe the individual effect of 
polymer compositions on carboxylate type and concentration (Chapter 3). 
Up to now, many studies have been applying mixed culture fermentation with pure 
substrates such as glucose, starch (Hussy et al., 2003; Khanal et al., 2004) and different 
organic waste streams, such as artificial food waste (Okamoto et al., 2000; Komemoto et al., 
2009, Dong et al., 2009), kitchen food waste (Min et al., 2005), manure (Coats et al., 2011), 
dairy wastewater (Bengtsson et al., 2008), paper waste (Ueno et al.,2007), organic fraction of 
municipal solid waste (Cavdar et al., 2011). Literature studies reported the maximum 
carboxylate production in batch studies to be around 20 g carboxylate/L for food or 
carbohydrate rich waste substrates. For single protein- and lipid-based streams, the total 
carboxylate concentrations are on average below 3 g/L. When pure substrates (mostly glucose) 
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are fermented in fed batch and fed-batch systems, single products like acetate or n-butyrate 
can reach up to 200 g/L (Straathof, 2014). 
Table 6.1 represents the results of the experiments for each substrate in batch tests. In 
our study, the highest total carboxylate production was obtained with the carbohydrate waste 
and amounted to 3.7 g/L. The lower carboxylate production compared to literature was due to 
lower initial substrate concentration in our experiments. For the protein waste, total carboxylate 
concentration was 1.5 g/L and for the lipid waste lower than 0.1 g/L. Relatively low carboxylate 
concentration in the protein and lipid waste compared to carbohydrate waste is caused by the 
low hydrolysis rate (Christ et al., 2000). Increasing the hydrolysis rate will also increase 
carboxylates concentrations.
It is difficult to make a direct link between carbohydrate type of substrate and product 
selectivity from the literature mixed culture fermentation studies. However, the highest product 
selectivity reported in literature was 80% acetate from mixed culture fermentation of 
carbohydrate rich waste stream (Nachiappan et al., 2011). Protein-rich substrates often yield 
odd-numbered carboxylates such as propionate and i-valerate with maximum 35% fraction in 
mixed culture fermentation (Chen et al., 2007; Ucisik & Henze, 2008). Product selectivity can 
reach higher fractions up to 90% in pure culture processes. This is not commonly realized by 
open fermentation of organic wastes. 
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Acetate was the major product for all substrate types 4 weeks after incubation. However 
the acetate concentrations and fractions varied with substrate type. The maximum acetate 
concentration was 2 g/L at 54% of the total carboxylates on carbohydrate waste. The 
concentration of acetate was only 1.2 g/L on protein waste. This was lower than on 
carbohydrate waste, but its relative fraction was 78%, much higher than on carbohydrate 
waste. The selectivity obtained in this experiment was one of the highest reported in literature. 
In literature it was indicated that with protein rich substrates yield propionate as a dominant 
product. This is different than our observation. The reason might be that propionate rich 
experiments were performed at neutral pH (Ucisik & Henze, 2008; Feng et al., 2009) while in 
the experiment with protein waste, pH was kept at 5.0. This might cause dominant acetate 
formation rather than propionate.
Initial substrate concentration
In principle, short chain carboxylate production increases with increasing carbohydrate 
content of the substrate in the reactor. Because our target was to direct mixed culture towards 
maximum achievable concentrations, a set of experiments was designed to increase product 
concentrations and observe the impact of increasing substrate concentration on carboxylate 
formation. (Chapter 4)  
In literature, the studies indicate that for mixed culture process, although substrate 
concentration increased up to 100 g COD/L or 15 g VS/d, total carboxylate concentration 
stabilizes around 20 g/L. This might be related with the inhibitory effect of acids on mixed 
culture. When substrate concentrations become too high in short retention times in batch 
fermentation, or under conditions of feed overloading in continuous, product inhibition may 
occur. The inhibition phenomena in mixed culture system was exceptionally overcome by Fu &
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Holtzapple (2011). They reported 40 g carboxylate/L through reducing the contact time of acid 
and organism by applying “counter-current” fed-batch fermentation technique. By this method 
the inhibitory effect of carboxylates on organism was eliminated. Literature reports that the 
product shifts with increasing substrate concentration from acetate to n-butyrate or even n-
caproate (if enough incubation time provided) (Fang et al., 2006; Hafez et al., 2010).
In our study, batch reactors were operated at 3 different initial substrate concentrations, 
8 g COD waste/L, 13.5 g COD/L and 23 g COD/L with only carbohydrate rich substrate for a 
month. The result of increasing substrate concentration in batch reactors was that the total 
carboxylate concentration raised from 2.5 g/L to 7.5 g/L (Table 6.1). For the selectivity, it was 
observed that the product type shifted from acetate towards n-butyrate as the substrate 
concentration increased. n-Butyrate selectivity increased from 17% to 70% when substrate 
concentration was increased from 8 g COD waste/L to 23 g COD/L (~ 4 g VS/d). This is in line 
with reported values in literature. 
Limited carboxylate production in mixed culture fermentation
Carboxylate concentration in mixed culture fermentation is often reported much lower 
than pure culture. Pure culture, in optimal conditions for that specific culture, can convert 98% 
of the glucose to the desired product. In mixed culture fermentation, even rich in sugar type of 
waste substrates, the yield rarely reaches higher than 55% in literature. The reason for this is 
that each organism has different optimal conditions and it is difficult to find the best conditions 
for several cultures at the same time. Also, the organisms show competition for substrate and 
electron sources and several ions and impurities in the waste streams decrease the metabolic 
performance of the organisms. Because hydrolysis is a limiting factor, conversion of protein and 
lipid type of wastes usually remains even lower than 20%.
175
 
In our experiments, the carboxylate concentrations were even lower than what was 
obtained usually in literature. We were not able to reach the high carboxylate concentration
partially due to the operational parameters such as pH and the low hydrolysis rate of starch. It 
is often reported in literature that the maximum carboxylate concentrations are obtained at 
neutral pH values while in our experiments the pH was lower than 5.0. For the hydrolysis of 
starch in fermenter, many studies apply heat or enzymatic pre-treatment of starch. Substrate 
pre-treatment was not considered in our study to prevent higher costs. Increasing the inoculum 
concentration from 1% up (weight inocula/volume reactor) might improve the conversion rate 
of substrates, but this might lead to changes in product spectrum as well. Aslo, increasing 
substrate concentration higher than 23 g COD/L might help to increase the total carboxylate 
concentration.
6.3. The impact of headspace on carboxylate production 
Hydrogen and carbon dioxide are two gas compounds involved in fermentation reactions 
either by being produced or consumed. Certain fermentation pathways can be energetically 
suppressed or favored by hydrogen and carbon dioxide levels in the headspace (Thauer et al., 
1977). Accordingly, it was anticipated that by changing the levels of hydrogen and carbon 
dioxide in headspace, the fermentation reactions can be steered towards a certain direction.
In our headspace study, the experiments were designed by adding 2 bar of hydrogen, 2 
bar carbon dioxide and 2 bar of hydrogen and carbon dioxide mixed by 50:50 (v:v) to the 
headspace of batch reactors. A control reactor was prepared by flushing the headspace with 
nitrogen at the beginning of the experiment, without any further adjustment during the 
experiment. Each headspace condition was tested with carbohydrate, protein and lipid rich 
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substrates and initial substrate concentrations of 8, 13.5 and 23 g COD/L with only 
carbohydrate waste (Chapter 4). 
Thermodynamic approach
Table 6.2 presents the reaction equations from glucose to acetate, propionate and n-
butyrate and how headspace gases contribute these reactions. According to the 
thermodynamics, because acetate and n-butyrate production from glucose produces hydrogen 
and carbon dioxide, their presence in headspace is not favorable for acetate and n-butyrate
production (equations 6.1 and 6.3 in Table 6.2). Propionate production becomes 
thermodynamically more spontaneous under hydrogen presence while carbon dioxide does not 
have impact since it is not involved the reaction (equation 6.2). All free enthalpies are much 
lower than the thermodynamical limit for spontaneous reactions of -20 kJ/mol. So, even under 5 
bar pressurized headspace conditions, all reactions can still occur, making it difficult to predict 
the product spectrum in advance.
Table 6.2. Equations for different fermentation reactions
Reaction Reaction Equation ??r°' 
(kJ/mol)a
Eqn.
Acetate from glucose C6H12O6 + 2H2O ?  2 acetate- + 2H+ + 4H2 + 2CO2 -292.3 6.1
Propionate from glucose C6H12O6 + 2H2 ? 2 propionate- + 2H+ + 2H2O -308.5 6.2
n-Butyrate from glucose C6H12O6 ? n-butyrate- + H+ + 2H2 + 2CO2 -309.4 6.3
Acetate by 
homoacetogens 
2CO2 + 4H2 ? acetate- + H+ + 2H2O -138.2 6.4
a????? ??????? ???? ???? ????????? ???r°') values is calculated at 30°C and a pH of 7 under 1 atm pressure. 
Concentrations of reactants and products in aqueous solution are 1 M.
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The results of the experiments for each headspace condition are represented in Table 
6.1. The experiments showed that the results differed from the thermodynamic predictions. In 
case of hydrogen-filled headspace, it could be expected to have propionate since this reaction 
consumes hydrogen (equation 6.2). On the contrary, in our experiments, under 2 bar hydrogen 
partial pressure, propionate formation was lower than 10% in any substrate condition and 
acetate and n-butyrate were the two main compounds. According to the equations 6.1 and 6.3, 
carbon dioxide is produced in all reactions. So, it was unclear which product would be favorable 
when head space was filled with 2 bar carbon dioxide. At substrate concentrations lower than 
23 g COD/L, n-butyrate was the major product after a week, after that the product distribution 
shifted to equal fraction of acetate and n-butyrate. Hydrogen can promote the chain elongation 
by involving in the reactions as electron donor. Thus, another expectation was that at hydrogen 
pressurized reactor, n-caproate would be the dominant product according to thermodynamic 
data (not shown). Indeed, n-caproate production reached 8% fraction in 2 bar hydrogen head 
space  after 4 weeks and at the lowest substrate concentration. Because n-caproate formation 
from acetate and n-butyrate needs long residence time, higher concentration and fraction could 
be observed with experiments longer than 4 weeks in a hydrogen pressurized reactor.  
Carboxylate formation under modified headspace reactors
There are only few studies available in literature about the effect of hydrogen and 
carbon dioxide on selective production of one carboxylate. These studies mainly worked with 
the removal of fermentation gases by sparging or flushing with nitrogen or carbon dioxide. The 
effect of sparging on total carboxylate production is found negligible (Hussy et al., 2003; Kim et 
al., 2006) or even negative (Kyazze et al., 2005; Massanet-Nicolau et al., 2010). Addition of 
extra carbon dioxide to the headspace increased the n-butyrate fraction relative to the other 
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fermentation products (Kim et al., 2006). No obvious trends can be derived from the impact of 
elevated hydrogen partial pressure on the short chain carboxylate levels and composition. In 
some studies, a high partial pressure of hydrogen favored the production of longer chain 
carboxylates and more reduced compounds (Smith & McCarty, 1989; Yu & Mu, 2006). Neither 
sparging nor flushing with nitrogen was found to affect the carboxylate composition.
The experimental results showed that headspace gases have a direct impact on the 
concentration of products. The carboxylate concentration increase was almost 17 g/L in 
hydrogen and carbon dioxide mixed headspace with protein rich substrate. With carbohydrate 
rich substrates, the increase was around 10 g/L in all conditions. The drastic increase in this 
headspace condition was mainly due to homoacetogenic conversion of headspace gases to 
acetate (equation 6.4). For the reactors solely having 2 bar hydrogen, the total carboxylate 
production increase was aproximately 1.5 g/L more than the control reactors. For the reactors 
solely having 2 bar carbon dioxide, the carboxylate concentrations were either equal or slightly 
higher than the control reactors. The headspaces in these reactors were not consumed. 
Acetate as a major product
Addition of a mixture of hydrogen and carbon dioxide favored acetate formation. The 
carboxylate produced in this case was almost 85% acetate, independent of the substrate type. 
With increasing substrate concentration the fraction was dropped to 66%. The acetate highest 
concentration was 16 g/l with protein rich substrate and mixed hydrogen and carbon dioxide 
headspace. Almost all acetate produced in this conditions was not produced by conversion of 
organic waste but mainly because of homoacetogenic conversion of headspace, which makes 
this condtion not interesting for the carboxylate platform concept. Acetate was also abundant 
under any headspace condition where protein rich substrate was used.
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Propionate as a major product
From the findings it was observed that under any headspace manipulated condition, 
propionate was not formed at all. In the condition where headspace was not controlled and the 
lowest carbohydrate rich substrate concentration, propionate fraction reached to 31% with only 
1 g/L concentration. This was the highest selectivity obtained overall. Once substrate 
concentration was elevated, propionate production disappeared. 
n-Butyrate as a major product
n-Butyrate production was affected by headspace manipulation depending on the 
substrate concentration and experiment period. Carbon dioxide partial pressure at 2 bar in the 
headspace promoted the selective production of n-butyrate within a week of incubation at 
carbohydrate substrate 8 g COD/L substrate concentration. Here, n-butyrate concentration was 
low (~1 g/L) and selectivity reached 95%. In fact, 95% n-butyrate production is promising 
result for mixed culture process, though the concentration is quite low. Our observation is in 
line with Kim et al., (2006) who observed 80% n-butyrate with 4.5 g/L concentration when they 
sparged the reactor with carbon dioxide. After 4 weeks in our experiments, n-butyrate fraction 
was only 40%.
At substrate concentration of 13.5 g COD/L, n-butyrate was selectively produced in 
similar fractions under only hydrogen and only carbon dioxide pressurized headspace after 1 
week. Similar to the previous case, its fraction decreased to around 45%. The concentration of 
n-butyrate was not higher than 2 g/L in these conditions. In the experiment with the highest 
substrate concentration 23 g COD/L, n-butyrate was dominant in the reactor when there was no 
headspace manipulation. n-butyrate selectivity was 71% with 5.3 g/L in 1 week and 61% with 
5.6 g/L in 4 week fermentation.
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Headspace addition in industrial applications
Although headspace manipulation elevated the carboxylate concentration, the increase is 
either not enough to meet industrial standards for application (>50g/L) or it is achieved by 
transformation of headspace gases rather than organic waste. Selectivity of carboxylates 
increased for some reactors with manipulated headspace but the trends were aberrant and 
depending on the substrate concentrations. High carboxylate selectivity together with high 
concentration could be obtained without manipulating headspace conditions and by high
substrate concentration.
Continuous experiment for stable carboxylate production
A continuous experiment was done to validate the results obtained in the batch 
experiments. Such validation is crucial for practical applications as continuous mode is preferred 
because it (i) is easier to operate, (ii) allows steady state operation under optimal conditions, 
and (iii) is more robust to perturbations. According to the batch experiments, n-butyrate 
production could be maximized to 5.3 g/L with almost 71% fraction without applying external 
hydrogen or carbon dioxide, within 1 week of batch fermentation. Therefore, 2 days HRT was 
considered to be enough for the continuous test. The pH of the system was regulated at 4.0, 
being pH of the batch reactor where n-butyrate reached its maximum levels.
From the continuous mixed culture studies in literature, it was observed that carboxylate 
concentration was not reaching higher than 20 g/L with average productivity of 1.5 g/L.h 
independent of operational condition. In continuous fermentation with pure substrates, product 
concentrations are higher than in mixed culture. For instance, n-butyrate concentration can be 
40 g/L with very high production rate of 9 g/L.h which is 3 to 4 times higher compared to batch 
or fed-batch pure substrate fermentation (Rogers et al., 2006). Table 6.3 shows the normally 
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achievable concentrations and productivities obtained in pure and mixed culture continuous 
processes.  
Table 6.3 Normally achievable concentrations and productivities obtained in pure and mixed 
culture continuous processes
Fermentation Substrate Concentration 
(g/L)
Productivity 
(g/L.h)
End product
Pure culture Glucose 40 9 n-Butyratea
Mixed culture Glucose 17 1.6 Mixed carboxylatesb
Mixed culture Organic waste 20 1.5 Mixed carboxylatesc
Mixed culture Organic waste 10 0.2 Mixed carboxylatesd
aMichel-Savin et al., 1990
b70% n-butyrate 30% acetate (Kyazze et al., 2005)
cUsually obtained in efficient mixed culture of organic waste substrate process in literature 
d67% n-butyrate 25% acetate (maximum and stable concentration obtained in chapter 4 of this study)
In the continuous experiment conducted in this study, total carboxylate concentration 
was around half of the highest value mainly reported for mixed cultures. Maximum and stable 
concentration was 10 g/L with productivity only 0.20 g carboxylate/L.h. n-Butyrate with 70% 
fraction was selectively produced over a month of continuous reactor. The reasons for low 
carboxylate concentration compared to literature studies might be due to similar reasons 
explained for batch experiments, such as low pH, low substrate concentration and limited 
degradation of substrate. The reason for low productivity in continuous experiment is not very 
clear.
6.4. The impact of in-situ product recovery on carboxylate production 
One of the most important targets of this study was to apply in-situ product recovery 
technology to increase the carboxylate production. By continuously removing the products from 
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the fermenter, reactions thermodynamically shift towards the product side. Another purpose of 
in-situ coupling is to steer the fermentation towards selective production of a desired 
carboxylate. It was also expected that the in-situ recovery would selectively enrich a single 
compound due to differences in concentration between the different carboxylates. Finally in-situ
product recovery could be beneficial since production and separation are achieved in one step, 
reducing production costs. In this thesis, the focus was on the integration of ED as in-situ
separation technology. By incorporating bipolar membranes, the pH of the fermentation can be 
regulated internally instead of adding external base addition. Considering the fact that high 
carboxylates production is achieved near neutral pH values, using bipolar membrane for large 
scale production applications can reduce the chemicals cost.
Recovery and purification of products from the fermenter is quite energy-intensive and 
costly. In mixed culture processes downstream processes require more energy compared to 
pure systems due to the low product concentrations. In literature, there is a research gap for 
ISPR in mixed culture processes. In conventional pure culture acetate production, the product is 
already concentrated in the final broth making downstream process more economically viable 
than for mixed culture. For some high yield acetic acid process no recovery process other than 
cell mass removal is needed (Lopez-Garzon & Straathof, 2014). However, when very high purity 
is desired, distillation can be used. 
In pure culture processes, ED is mainly used as a concentration step after a separation 
unit so it is difficult to make a comparison with our study. However, fermentation with 
simultaneous recovery (e.g. extractive fermentation) can promote the carboxylate (e.g. butyric 
acid) productivity 8 to 10 times (Yang, 2007). 
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In our experiments, we coupled the continuous reactor together with an ED bipolar 
membrane (EDBM) (Chapter 5). A novel membrane stack configuration was proposed, 
consisting of two different types of AEMs for selective separation of negatively charged 
carboxylate ions from the fermentation broth while OH- ions are generated by bipolar 
membrane and pumped into the fermentation broth. By this way, OH- ions were directly 
transported from the EDBM stack to the reactor in so called “direct contact” operation mode. An 
ultrafiltration (UF) unit was placed before the EDBM stack to separate the cells and large 
particles from the fermentation broth to avoid membranes blocking.
Preliminary experiments indicated that in-situ recovery of carboxylates from mixed 
culture fermenter did not improve the productivities in the desired direction, and concentration 
effect remained in limited range. Carboxylate productivity was only 1.5 times higher, after 
approximately 15 days of operation. 
The low efficiency of ED in our experiments was mainly due to membrane fouling 
occurring within couple of hours. We observed biofilm growth on the anion exchange 
membrane surface. Another drawback of our set-up was that the fluctuating carboxylate 
production due to instabilities in waste material and difficulties like clogging of tubing of 
fermenter due to solid particles in the waste stream. For sure, large scales fermenters can be 
more robust than small lab scale equipment. However organic waste material should be 
screened carefully and in case of big fluctuations in feed composition, waste material should be 
adjusted accordingly. More research on integration of membrane technology especially to avoid 
fouling and how to keep the stability on the overall process is required to show the 
effectiveness and potential for mixed culture fermentation. 
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Oher targets of this study was to control pH of the fermenter by OH--production at the 
bipolar membrane. The production of OH- ion by the bipolar membrane balanced the acid 
production in the reactor at a current of 0.3 A. The pH was controlled at 4.7. Because at this 
pH, half of the carboxylates are dissociated form, the recovery was stable around 50%.
There is a strong link between pH and carboxylate productivity. For mixed culture 
processes, total carboxylate concentration increases when pH reaches to neutrality. The highest 
carboxylate concentration reported in literature was obtained at pH 6.5 and 7 (Fu & Holtzapple, 
2011; Nachiappan et al., 2011). In our experiments, the pH was kept lower than 5.0 to avoid 
high alkali consumption. From our experiences, increasing the pH from 4.0 to 4.7 in continuous 
mixed culture process, at a carboxylate productivity around 0.2 g/L.h, additionally 0.25 
kg/month more was dosed. Ideally, to remove the base addition completely, the pH can be 
controlled by the coupled bipolar membrane ED in the fermenter. This mechanism separates 
the acids in the ion forms from the reactor and simultaneously produce sufficient alkalinity to 
eliminate the external base needed for fermentation. This would remove the chemical 
consumption completely while regulating the pH in desired zones.        
Relative concentration of acetate and n-butyrate in total carboxylates were higher in 
equal concentrations. Consequently, it was foreseen that acetate and n-butyrate would separate 
from the fermenter most and their productivities would selectively increase. However, it was 
observed that acetate together with propionate were selectively separated and their 
productivities increased more compared to n-butyrate. The reason is that acetate and 
propionate are shortest carbon chain carboxylates and they pass through membranes faster 
under electrical field. The selectivity and purity specifically to certain products could increase by 
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additional techniques such as ion exchange resins. This would bring, however, much extra costs 
to the process.  
Mixed culture fermentation as an industrial application
Currently, industries producing organic waste streams use anaerobic digestion (AD) to 
convert their wet streams into methane and electricity or heat energy. To become a preferable 
process in industry over AD, there are some standards that mixed culture process still needs to 
meet. Table 6.4 compares the process performances of two competing technologies; AD and 
mixed culture fermentation for a carbohydrate rich waste stream studied in this thesis. 
Table 6.4. Process performance comparison of anaerobic digestion (AD) and mixed culture 
fermentation (MCF)
Vol.loading rate 
(kg COD/m3.d)a
Reactor 
volume 
(m3)
HRT 
(d)
Yield
(%)b
CH4
(Nm3/d)c
Acid
(kg/d)d
Energy
(kWh/d)e
€/d €/
m3
AD 20 350 3.5 70 1206 2534 238f 2.4
MCF 60 3818 1909g 19
aBase case applied in continuous reactor in Chapter 4. Daily amount of waste needs to be treated is assumed 7000 
kg COD. Flow rate is 100 m3/d.
bYields are maximum reported in literature.
cBiogas composition is assumed to be 65% CH4 and 35% CO2. The amount of CH4 was back calculated from the COD 
value (4 kg O2/kg CH4).
dAll produced acids are assumed in the form of acetate.
e2.1 kWh/m3 biogas 
fElectricity cost is 0.094€/kWh
gAcetate price is 500€/tons 
Table 6.4 shows that the turnover in case of methane production is lower than for mixed 
culture fermentation. The feedstock cost, capital and operational costs for methane digester 
and acid fermenter are mainly comparable, although different reactor designs will be chosen. 
The most important advantage of methane production is that it separates naturally making it 
easy to collect from the headspace avoiding the need for special downstream process. The 
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investment costs after digestion comprise mainly equipment to convert the biogas to electricity, 
e.g. gas engines or more efficient combined heat and power plants (CHP). Transport of biogas 
is difficult and expensive, hence it should be avoided.
The costs for the production of the acids are substantially higher than the biogas 
separation and utilisation, especially separating and concentrating the acids. From Table 6.4, it 
is clear that to meet the standards of a feasible application, the total expenses of downstream 
process should be lower than 20 €/m3. First and foremost, it is necessary to produce acid 
concentrations higher than 50 g/L in the fermentation broth (Lopez Garzon & Straathof, 2014). 
The ideal separation technology for mixed culture fermentation
It is difficult to draw a conclusion which separation technology would be the most ideal 
for mixed culture fermentation. Currently, crystallization is commonly used in industry, 
adsorption and solvent extraction techniques are extensively discussed in literature. Among 
these studies, ED technology is still the most suitable technology for ISPR due to its 
compatibility. However, selectivity and mass transport are still low and make the process 
combined with high maintenance and membrane costs economically unfeasible. Crystallization 
and ion exchange resins techniques provide higher recovery yields and selectivity than ED. But, 
for ion exchange resins, the carboxylates are usually recovered as salts while industrial 
applications mainly use the acid form. For crystallization method, water remaoval (usually by 
evaporation) and cooling is required so that crystallization can occur. Also, crystallization and 
adsorption techniques cannot be considered sustainable processes, due to the chemical 
consumption to regenerate the acids and the resulting wastewater that needs to be treated. 
Table 6.5 compares the most ideal ISPR techniques. Solvent extraction though widely studied in 
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literature, is not included in Table 6.5. Because its toxic effect, it is least suited as ISPR 
technology in biological processes. 
Table 6.5. The most ideal and highest potential ISPR applications for mixed culture fermentation
ED Adsorption Crystallization
Robustness + + +
Performance +/- + +
Product selectivity +/- + +
ISPR compatibility + +/- -
Cost - + +/-
Sustainability + - -
Main challenges -Membrane costs & 
performance
-Mass transport 
limitations
-Wastewater generation
-Chemical use
-Product regeneration
-Waste generation 
(gypsum)
-Chemical  use
6.5. Potential applications of mixed culture carboxylate production
It seems that carboxylate production by mixed culture fermentation, the concentration 
and rates are difficult to reach as high and pure as with single culture fermentation. Depending 
on the economics of the production process, mixed culture carboxylate production can be used 
for different applications. Unfortunately, elaborated cost analysis of downstream of mixed 
culture process is not available in literature. The paper of Granda et al. (2009) gives insight 
about the fermentation and dewatering costs of the carboxylate production mixed culture 
(Table 6.6). The results indicate that prices would be even higher for diluted fermentation broth 
since more energy intensive separation techniques would be required. This would make the 
carboxylate platform process less suitable for direct industrial applications. However, the 
products from the carboxylate platform can still be used as building blocks in secondary 
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processes such as medium chain fatty acids, alcohols or polymers production, avoiding 
intermediate and costly purification steps.
Table 6.6. Capital and operational costs of fermentation and dewatering unit in mixed culture 
fermentation of municipal solid wastea
Fermentationb,c Dewatering
Fixed capital cost (M€) 34 22.8
Operational cost (€/ton biomass)d 96.9 34
aThe capacity of carboxylate production plant is 40 tons/h. 
bMunicipial solid waste was pre-treated with lime before fermentation. The pre-treatment is included to the 
fermentation costs.
cTotal carboxylate concentration is 50 g/L.
dOperational cost covers feedstock, utility, labor costs and fixed charges defined in Granda et al., 2009
Fermentative production of acetate is mainly used in vinegar manufacturing. Propionate 
and n-butyrate are mainly used in food industry as preservative or flavouring agents, antibiotic 
drug preparation and cosmetic sector and also in cellulose based plastic production for textile, 
filter and membrane production. However, the carboxylates for these applications should have 
high purities and prices ideally lower than petro-chemical based carboxylates. Considering the 
low yields and large expenses of concentrating carboxylates from mixed culture fermentation, 
direct conversion of mixed carboxylates into plastics or mixed alcohols by chemical post-
processing might be economically more feasible. In such case, a second process which would 
receive the effluent from fermentation and would directly upgrade the short chain carboxylates 
either in second fermentation step, electrochemical or chemical conversion. The products of 
secondary process can be alcohols, medium and longer chain fatty acids due to their higher 
carbon to oxygen ratio, have higher energy content compared to short chain carboxylates or 
polymers, surfactants and flocculants which are valuable chemicals used as plastics, cleaning 
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agents, in water treatment systems, etc. Such secondary products cannot be produced directly
from biomass with mixed culture due to complex structure of biomass. Only single organisms 
can provide the conversion in specific, controlled conditions. Thus short chain carboxylates are 
excellent precursors for production of the secondary products by mixed culture. Upgrading of 
short chain carboxylates at low concentrations is that the maximum solubility drops and the 
hydrophobic effect increases. This results in improved separation capability of the desired 
products, like caproate or bioplastics.   
Several approaches for secondary applications exist but still not realized in plant 
application yet. MixAlco process is one of the pilot plant examples of biological conversion of 
carboxylates to higher grade products. In MixAlco, mixed carboxylates are firstly produced from 
mixed substrates by mixed culture fermentation. Later they are converted through thermal 
conversion into first ketones then to mixed alcohols which can be used as gasoline. Some other 
examples of this approach exist already, through mainly at laboratory scale by Holtzapple’s 
group. An acetate rich stream was upgraded to ethanol by Steinbusch et al. (2008), an acetate-
ethanol mixture to n-caproate and caprylate (Grootscholten et al., 2012; van Eerten-Jansen et 
al., 2013) and n-butyrate-glucose mixture to butanol (Richter et al., 2011). Short chain 
carboxylates can also be converted to polyhydroxyalkanoates (PHA), or polymers (Lemos et al., 
2006; Srikanth et al., 2012), surfactants and flocculants (Li & Yu, 2011). For all these 
applications, except MixAlco concept, steering the fermentation process towards certain product 
or combination of products is still quite important. Because the composition of acids generated 
from the fermentation has significant impact on the structure and physical properties of the 
polymer, surfactant, single alcohol, etc. produced.
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It might be necessary to include an additional cell separation or a pre-treatment unit 
between carboxylate production and second application processed. For example, for PHA 
production nitrogen deficiency in the feeding regime can be required, so carboxylate rich 
effluents need to be pre-treated to remove nitrogen for efficient PHA production. Optimization 
of in-situ recovery of alcohols is still being developed. For alcohol production from short chain 
carboxylates, like the conversion of n-butyrate to butanol, sugar addition at certain 
concentrations is necessary though it is unwanted from an economical perspective (Richter et 
al., 2011). Also, alcohol should be constantly removed from the continuous fermentation to 
avoid inhibition (Perez et al., 2013). Bio-electrochemical application of short chain carboxylates 
to medium chain carboxylates requires pre-treatment to remove organics which can interfere 
with the reduction of acetate, propionate and n-butyrate. Apart from pre-treatment, bio-
electrochemical process is still costly due to not yet optimized electrodes and membranes. 
6.6. Concluding remarks
Carboxylate Platform is a promising technology for utilization of large amounts of 
organic waste into valuable chemicals as in the form of short chain fatty acids. The most 
important advantage of carboxylate platform is that the conversion is achieved by mixed 
culture. In a mixed culture fermentation, the costs are drastically reduced since no sterilization 
step is required and cheap feedstock is abundantly and locally available. Yet, there are still 
major issues limit the mixed culture process in industrial applications. Low and instable 
productivities challenge downstream processes and increase the product costs drastically. Using 
waste as substrate is potential to generate high fractions up to 70-80% but usually in low 
concentrations (<20 g/L). 
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High carboxylate concentrations ????? ????? can be achieved by altering the process 
design basically. Holtzapple’s group used 4 stage semi-continuous reactor in sequence to allow 
enough retention time for substrate to hydrolyse while avoiding the contacts of acids with 
organism too long. This way of reactor design can be investigated further with alternative 
operational parameters e.g. pH lower than 6 and substrate types e.g. carbohydrate rich food 
waste. Changes in operational parameters in each stage can be investigated to optimize the 
process and to observe the shift between product type.
ED technology can be a promising solution because of the possibility to in-situ integrate 
into the fermentation process. Besides, the chemical use in ED is significantly lower than in 
other separation techniques such as crystallization, solvent extraction or adsorption. However, 
high membrane and electric energy costs limits ED application to high-added value products. 
Overcoming the membrane fouling problems would increase the efficiency of coupling.
Adsorption is another separation technique which is promising for carboxylate separation. A 
comparative ISPR study between ED and adsorption techniques is necessary to observe the 
potentials for downstream applications. .
Potential promising applications of short chain carboxylates generated by open 
fermentation lies in the conversion of these chemicals via a secondary post-processing step to
medium chain fatty acids or polymers. 
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Summary
The production of short chain carboxylates currently depends on petro-chemical sources.
Fossil fuel sources are however depleted fast by growing industry and population. Also, these
sources contribute negatively to global warming, climate change and modern human society.
Biomass, alternative to fossil fuel, is a sustainable resource and eliminates these negative
impacts. Production of organic chemicals from biomass via anaerobic fermentation is not a new
technology, e.g. ethanol generation from corn or lactic acid from sugar cane. However, short
chain carboxylates are still predominantly produced from oil and gas due to easy accessibility
and low oil prices compared to biomass feedstock. Among the biomass resources, organic waste
streams are abundant, locally available and have little or no competition with food. Bio-waste,
therefore, can be an excellent substitute source for the generation of short chain carboxylates.
The current biological processes often convert pure substrates and use single organisms
through sterile anaerobic fermentation. This yields high conversion of substrate to a single
product in high concentrations and fractions. Substrate cost and sterile operational conditions
are two parameters increasing the production cost of bio-based products. In this thesis, the
‘carboxylate platform’ is evaluated as a cost-effective biological technology for the production of
short chain carboxylates. The principle of the carboxylate platform is based on the conversion of
cheap organic feedstock to a mixture of short chain carboxylates by using non-sterile, mixed
culture fermentation.
Short chain carboxylates are organic chemicals that can be used in industry directly or as
building blocks for other valuable chemicals like alcohols and polymers. Fermentation of bio-
waste generates abundant short chain carboxylates, acetate, propionate and n-butyrate and a
small fraction of valerate, n-caproate and ethanol. The outcome of mixed culture fermentation
197
 
results in a combination of fermentation products in various amounts, rather than obtaining a
maximal total concentration of a single product. It is, thus, important to be able to direct the
fermentation process towards a desired major product or combination of products in certain
fractions.
This thesis describes how mixed culture fermentation processes can be steered towards
one specific carboxylate at sufficiently high concentration. Manipulation of environmental
conditions or operational parameters and integration of in-situ product recovery technology into
the fermentation are considered key parameters to drive the reactions towards a desired end
product.
In mixed culture fermentation, depending on the substrate type, inocula and headspace
composition, and also, process parameters like hydraulic and solid retention time, organic load
and pH, carboxylate concentrations and speciation can vary considerably. Thus it is crucial to
know how to use these key elements to obtain a desired product or composition of products in
the highest concentration(s) possible. Chapter 2 reviews mixed culture fermentations studies
dealing with conversion of organic substrates towards carboxylates in batch, fed-batch and
continuous reactor configurations. Literature studies report that the use of more concentrated
carbohydrate-rich substrates, at longer residence times and at neutral pH ranges stimulates
total acid production. The total carboxylate concentration reaches maximum for most of the
studies 20 g/L at production rate of 1.5 g/L.h. Exceptionally Fu  & Holtzapple (2011) reported a
total carboxylate concentration of 40 g/L by eliminating the inhibitory effect of carboxylates on
the organisms. They developed a “counter-current” fed-batch operation system to reduce the
contact time of carboxylates and organism. Product inhibition was usually reported under too
high substrate concentrations at short retention times, or under conditions of feed overloading,
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and at low pH. When increasing pH to the neutral range, not only total acid concentration, but
also acetate and propionate fractions are elevated, though high propionate concentrations and
fractions are only reported occasionally. A high n-butyrate fraction > 70% is usually found
when pH < 6, at somewhat longer incubation or retention times or high OLRs, under carbon
dioxide atmosphere or on high substrates concentrations. Increasing residence times creates a
shift from shorter to longer chain fatty acids such as valerate or n-caproate.
In this thesis, two major key operational parameters: headspace composition and
substrate type were further investigated experimentally in Chapter 3. The aim was to observe
to what extent the headspace composition at elevated partial pressures (2 bar) affects the
fermentation process, product type and productivity in batch-wise fermentation. Three reactors
were adjusted to a final headspace pressure of 2 bar by adding hydrogen, carbon dioxide or a
50:50 (v:v) mixture of these two gases. A control reactor was flushed with nitrogen only at the
beginning of the experiment and left it without headspace manipulation. The highest
carboxylate concentration was 17 g/L at hydrogen and carbon dioxide mixed pressurized
headspace. Here, the acetate fraction reached 85% due to the homoacetogenic activity.
However, this condition is not interesting for this study since acetate was formed from
hydrogen and carbon dioxide instead of degradation of waste. In the carbon dioxide reactor,
the carboxylate concentration was only 3.6 g/L however n-butyrate fraction was 70% at the
end of the first week. One of the important targets of this study, the production of one major
compound at fractions around 70% from waste streams, was successfully achieved. The
carboxylate production in the hydrogen pressurized reactor was 1.5 g/L higher than in the
control reactor but product distribution showed equal fractions of acetate and n-butyrate. For
the effect of substrate, three different organic waste streams were selected according to their
elemental composition and polymer constituents like carbohydrates, proteins and lipids.
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Carbohydrate waste produced higher carboxylate concentrations compared to protein and lipid
wastes. In the protein rich waste, acetate was the main carboxylate and it was produced
independently of the headspace. According to literature propionate and i-valerate were the
major compounds to be found in protein rich fermentation at neutral pH. In our case the pH
was controlled at 5, resulting in mainly acetate production. Lipid rich waste yielded
concentrations below 0.5 g/L and was not considered further.
In Chapter 4, the study on headspace composition was further investigated at
increasing concentration of carbohydrate rich substrate in batch reactor configuration. The
concentrations were defined as 8, 13.5 and 23 g COD waste/L. The final target was to define
the operational conditions for a continuous process to produce high and stable total carboxylate
concentration of a single product with high fraction by mixed culture fermentation. The
experiments showed that the most optimal carboxylate production was achieved under the
conditions of the highest substrate concentration without any headspace manipulation.
Although, the highest carboxylate concentration, 11 g/L, was detected under the hydrogen
pressurized headspace, product distribution was not in the direction of a single product. Without
headspace control, the total carboxylate level was 9 g/L with 61% n-butyrate fraction. When a
continuous reactor was operated at 23 g COD waste/L at 2 days retention time without
headspace manipulation, 7 g/L and 71% of stable n-butyrate production over a month of
operation was successfully realized.
It should be considered that the biological processes can be limited if the final total
carboxylate concentration reaches inhibitory levels for mixed culture organisms. In Chapter 5,
the process parameters were overviewed for the improvement of carboxylate formation and
spectrum with integrated in-situ recovery technology. Here, a novel ‘direct contact’
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electrodialysis configuration with bipolar membranes was integrated to continuous mixed
culture fermentation. The significant achievement of the in-situ integrated fermentation system
was that external base addition was completely eliminated; the pH of the reactor was regulated
by the bipolar membranes. Preliminary experiments indicated that acetate and propionate
productivities were selectively increased among the mixture of carboxylates. The carboxylate
productivity only increased 1.5 times, probably because carboxylate levels in the fermenter
were lower than expected and the inhibitory effect may thus have been low. The concentration
of the product compartment was maximum 3 times the carboxylate level in the reactor. These
results were preliminary data of a research on mixed culture set-ups which needs more
investigation and optimization.
Finally, carboxylate production from organic waste with mixed culture fermentation
process was evaluated in Chapter 6. The most important outcome of this research showed
that mixed culture fermentation can be steered towards a major short chain carboxylate in
fraction of 70% (n-butyrate), by carbon dioxide addition in headspace or high substrate
concentrations without headspace manipulation. However, in general total carboxylate
concentration doesn’t exceed 20 g/L. In current industrial practice, the concentrations are five
times higher. Acetate can be produced at 100 g/L up to 95% by pure cultures. Because
products are quite diluted in mixed culture systems, it is required to integrate costly, intensive
downstream processing after the fermentation. Mixed culture fermentation should still improve
product yields. Finally, mixed culture technologies can be promising if the mixture of
carboxylates is used as a precursor for valuable chemical production such as alcohols, polymers
or medium chain carboxylates rather than applying complex purifying technologies after the
fermentation process.
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Samenvatting
De productie van kortketenige carbonzuren gebeurt op dit moment vooral via 
petrochemische weg. Almaar groeiende wereldbevolking en industrie putten niet enkel de 
voorraad aan fossiele brandstoffen uit, maar zorgen ook voor opwarming van de aarde, 
klimaatsveranderingen en een nefaste impact op onze huidige samenleving. Het gebruik van 
biomassa kan een alternatief voor deze fossiele grondstoffen vormen en op die manier 
bijdragen tot een duurzame maatschappij.
De productie van organische stoffen uit biomassa via anaerobe fermentatie is geen 
nieuwe technologie, bijvoorbeeld de productie van ethanol uit mais of productie van melkzuur 
uit suikerriet. Kortketenige carbonzuren daarentegen worden momenteel in hoofdzaak nog uit 
olie en gas gemaakt, dankzij de vrije beschikbaarheid en de lage kostprijs van fossiele bronnen 
in vergelijking met biomassa. Organische afvalstromen zijn het meest overvloedig aanwezig als 
biomassa bron, ze zijn lokaal beschikbaar en concurreren niet met de voedingsketen. Bioafval 
kan daarom dan ook bij uitstek als vervanging voor fossiele grondstoffen dienen bij de 
productie van kortketenige carbonzuren.
De huidige biologische processen gebruiken erg zuivere substraten en reinculturen in 
zgn. steriele anaerobe fermentaties. Deze zorgen voor een hoge omzettingsgraad van het 
substraat naar één enkel product in hoge concentraties. De kosten voor het substraat en de 
steriele procesomstandigheden leiden tot een hoge productiekost van dergelijke bio-gebaseerde 
producten. In deze thesis wordt het ‘carboxylaat-platform’ geëvalueerd als kosteneffectieve 
biologische technologie voor de productie van kortketenige carbonzuren. Het 
carboxylaatplatform is gebaseerd op de omzetting van organische stromen tot een mengsel van 
kortketenige vetzuren door middel van een niet-steriele fermentatie met gemengde culturen.
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Korteketenvetzuren worden in de industrie gebruikt, hetzij rechtstreeks, hetzij als 
bouwstoffen voor andere, waardevolle chemicaliën zoals alcoholen en polymeren. Fermentatie 
van bioafval levert vooral, azijnzuur, propionzuur, n-boterzuur en een kleinere fractie valeraat, 
n-caproaat en ethanol. De gemengde fermentatie –zoals toegepast in dit onderzoek- resulteert 
steeds in een waaier aan producten, veeleer dan één bepaalde stof. Daarom is het belangrijk 
om dit type fermentatie te sturen naar één bepaald product of een combinatie van een aantal 
producten in bepaalde fracties.
Deze thesis beschrijft hoe gemengde fermentatieprocessen gestuurd kunnen worden 
naar één specifiek carbonzuur in een voldoende hoge concentratie. Manipulatie van de 
procescondities en integratie van in-situ product winning in de fermentatie zijn de sleutel om de 
fermentatiereacties te sturen naar één bepaald product.
In gemengde fermentatie hebben inoculum en samenstelling van de headspace, samen 
met proces parameters zoals verblijftijd, organische belasting en pH, een belangrijke invloed op 
het type en de concentratie van de carbonzuren. Het is dan ook van belang te weten hoe deze 
parameters kunnen gebruikt worden om bepaalde producten te bekomen in zo hoog mogelijke 
concentraties. Hoofdstuk 2 bespreekt de beschikbare literatuur met betrekking tot gemengde 
fermentaties waarbij organische substraten worden omgezet in carbonzuren, in batch, fed-
batch en continue reactoren. De literatuur beschrijft dat het gebruik van geconcentreerde 
substraten, rijk aan koolwaterstoffen, lange verblijftijden en neutrale pH de productie van 
organische zuren stimuleert. De totale carbonzuurconcentratie bedraagt maximaal 20g/l bij een 
productiesnelheid van 1.5g/L.h. Uitzondering hierop zijn de resultaten van Fu&Holtzapple 
(2011) die spreken over zuurconcentraties tot 40 g/L wanneer het inhiberende effect van de 
carbonzuren op de organismen geëlimineerd wordt. Ze ontwikkelden een tegenstroom 
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reactorconcept om de contacttijd van de gevormde zuren met de organismen te beperken. 
Product inhibitie komt immers meestal voor bij erg hoge substraatconcentratie en korte 
verblijftijden, bij te hoge organische belasting of bij lage pH. Wanneer gewerkt wordt bij 
neutrale pH, verhoogt niet alleen de totale zuurconcentratie, maar ook de azijnzuur- en
propionzuurfracties, alhoewel hoge propionzuurconcentratie slechts af en toe gemeld worden. 
Een hoge boterzuurfractie (>70%) wordt meestal ofwel bereikt bij pH<6 en iets langere 
incubatie- of verblijftijden en een hoge organische belasting, ofwel onder CO2 atmosfeer ofwel 
bij hoge substraatconcentratie. Verhogen van de verblijftijden levert vooral een verschuiving op 
van korte naar langere vetzuurketens, zoals valeraat of n-caproaat.
In hoofstuk 3 van deze thesis worden twee belangrijke operationele parameters verder 
onderzocht en beschreven: samenstelling van de headspace en substraattype. Het doel was om 
na te gaan in welke mate een verhoging van de partiële druk in de headspace (2bar) bij een 
batchfermentatie het proces, het product type en de productiviteit beïnvloedt. Drie reactoren 
werden op 2 bar druk gebracht respectievelijk met waterstof, stikstof en een mengsel van 
gelijke hoeveelheden waterstof en stikstof. Een controlereactor werd gespoeld met stikstof bij 
het begin van het experiment en nadien ongemoeid gelaten. De hoogste 
carbonzuurconcentratie werd gemeten bij de reactor met de waterstof en stikstof in de 
headspace en bedroeg 17 g/L. In deze reactor bedroeg de azijnzuurfractie 85%, tengevolge 
van homoacetogenese. Het azijnzuur werd dus in dit geval gevormd werd door omzetting van 
waterstof en koolstofdioxide in plaats van het de organische componenten, aanwezig in het 
substraat, wat niet gewenst was in het licht van deze studie. In de reactor onder CO2-
atmosfeer, was de totale carbonzuurconcentratie slechts 3.6 g/L; hoewel de butyraatfractie 
70% bedroeg aan het einde van de eerste week. Bij deze was ook één van de belangrijke 
doelen van deze studie –het bereiken van carbonzuurfracties rond 70% bij gemengde 
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fermentatie met afvalstromen- bereikt. De carbonzuurproductie in de reactor gevuld met 
waterstof was 1.5 g/L hoger dan in de controlereactor, maar met gelijke fracties acetaat en n-
butyraat. Om het effect van verschillende substraten na te gaan werden drie verschillende 
afvalstromen geselecteerd, volgens hun concentratie aan koolwaterstoffen, eiwitten en vetten. 
Afval met een hoog koolwaterstofgehalte leidde tot hogere carbonzuurconcentraties in 
vergelijking met proteïne- en vetrijke afvalstromen. Bij proteïne-rijke stromen werd vooral 
azijnzuur gevormd, onafhankelijk van de condities en samenstelling van de headspace. Volgens 
literatuur zou in dit geval vooral propionaat en i-valeraat gevormd worden bij neutrale pH. In 
ons geval werd bij pH 5 gewerkt, wat vooral in azijnzuurproductie resulteerde. Vetrijke 
afvalstromen leverden carbonzuurconcentraties lager dan 0.5 g/L op en werden dan ook verder 
buiten beschouwing gelaten in het onderzoek.
Hoofdstuk 4 beschrijft het onderzoek naar de invloed van de samenstelling van de 
headspace op de batch fermentatie bij stijgende concentratie van het substraat rijk aan 
koolwaterstoffen. De substraatconcentraties bedroegen 8, 13.5 en 23 g/L. Het doel was te 
bepalen welke operationele condities nodig zijn in een continu proces om een hoge, stabiele, 
concentratie van één bepaald carbonzuur te bereiken. Uit de experimenten bleek dat dit het 
geval was bij de hoogste substraatconcentratie, zonder toevoeging van gassen in de 
headspace. Alhoewel de hoogste carbonzuurconcentratie (11 g/L) bereikt werd bij toevoeging 
van waterstof in de headspace werd enkel een mengsel van verschillende organische zuren 
gevormd, in plaats van één bepaald zuur. Zonder manipulatie van de headspace bedroeg de 
zuurconcentratie 9 g/L met 61% n-butyraat. Wanneer een continue reactor gedurende een 
maand werd bedreven zonder toevoeging van gassen in de headspace, gevoed met 23 g/L 
substraat en een verblijftijd van 2 dagen, kon een concentratie van 7 g/L en 71% n-butyraat 
bereikt worden in een stabiele procesvoering.
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Bij hogere carbonzuurconcentraties kunnen de biologische processen bij gemengde 
culturen gelimiteerd of geïnhibeerd worden. Hoofdstuk 5 beschrijft de proces parameters bij 
zgn. ‘in-situ recovery’ van de organische zuren uit het fermentatiemedium met als doel het 
verhogen van de productiviteit in de reactor. Een nieuwe technologie, ‘direct contact’ 
elektrodialyse met gebruik van bipolaire membranen werd geïntegreerd in de continue 
fermentor. Door deze ingreep kon de toevoeging van base in de reactor volledig worden 
geëlimineerd: de pH werd nu volledig gecontroleerd door productie van base aan het bipolaire 
membraan. De eerste experimenten toonden dat de azijnzuur- en propionzuurproductie 
selectief verhoogden ten opzichte van andere carbonzuren. De totale productie van carbonzuren 
verhoogde slechts met 50%, waarschijnlijk omdat de carbonzuurconcentraties in de fermentor 
en bijgevolg het inhiberend effect op de organismen lager waren dan verwacht. De 
zuurconcentratie in het productcompartiment van de elektrodialyse was drie keer hoger dan 
deze van de reactor. Deze resultaten waren de eerste gegevens in een onderzoek naar 
koppeling van fermentatie en scheiding in fermentor met gemengde culturen. Verder onderzoek 
en optimalisatie zijn hier duidelijk aan de orde.
In hoofdstuk 6 wordt de productie van organische zuren uit afvalstromen samengevat. 
De belangrijkste bevinding uit dit onderzoek is dat de gemengde fermentatie gestuurd kan 
worden naar productie van één enkel vetzuur, n-butyraat, bij toevoeging van koolstofdioxide in 
de headspace óf bij toepassing van hoge substraatconcentratie. In deze gevallen wordt een n-
butyraat fractie bekomen van 70%. De totale zuurconcentratie blijft echter beperkt tot 20 g/L. 
Bij de huidige industriële toepassingen liggen de concentraties zo’n 5 keer hoger. Via 
reinculturen kan bijvoorbeeld 100 g/L azijnzuur geproduceerd worden met 95% zuiverheid. 
Vermits de producten bij gemengde fermentatie steeds verdund aanwezig zijn is een 
uitgebreide –en bijgevolg dure- nabehandeling nodig. Ook de opbrengst zou nog verhoogd 
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moeten worden om deze processen industrieel relevant te maken. Gemengde fermentatie kan 
ontwikkelen tot een veel belovende technologie indien het mengsel van carbonzuren 
rechtstreeks gebruikt kan worden als precursor voor de productie van waardevolle chemicaliën 
zoals alcoholen, polymeren of middellange keten vetzuren.
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